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Abstract 
ABSTRACT 
The quality of the retinal image is influenced by the monochromatic aberrations of the 
eye and these aberrations are known to change with accommodation level. Since the 
monochromatic aberrations of the eye alter the focus of light at the retina, they might 
also be expected to influence the characteristics of the steady-state accommodation 
response. The work reported in this thesis has demonstrated a variety of complex 
interactions between steady-state accommodation and monochromatic aberrations. 
The effect of accommodation on the nature and magnitude of monochromatic 
aberrations was studied using the aberroscope technique. The aberrations were 
measured in single dioptre steps of accommodation up to the subject's maximum 
amplitude of accommodation and were recorded in both eyes of eleven young 
subjects. The longitudinal spherical aberration of the subjects became progressively 
more negative in power with increasing accommodation (p=0.0001). The aberration 
data showed a trend towards a higher mean-square-error of the wavefront (p=0.06) 
with increasing accommodation levels. The third-order components of the aberrations 
were found to be of greater magnitude than fourth-order components (about 4: 1 for a 
5 mm pupil). There was substantial correlation in the magnitude and sign of the 
spherical aberration present in the fellow eyes of individuals, however other 
components of the wavefront showed little correlation between fellow eyes. 
To eliminate the possibility that changes in monochromatic aberrations associated with 
accommodation could be at least partly caused by changes in anterior corneal 
topography, a study was undertaken with ten subjects using a videokeratoscope 
capable of measuring corneal topography over a wide corneal region (the PAR 
Corneal Topography System). An accommodation stimulus (0, 2, 4 and 6 D) was 
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Abstract 
presented to the left eye while corneal topography measurements were taken from the 
right eye. The results suggested that no major changes occurred in the topography of 
the anterior cornea during accommodation up to 6 D. 
The Canon Autoref R-1 was used to investigate various aspects of the interactions 
between monochromatic aberrations and the accommodation response. It was 
therefore important to establish the region of the pupil used by the Autoref R-1 in 
deriving a reading of the refractive power of the eye. This region was estimated to be 
centred around a 3.5 mm diameter, which meant that the Autoref R-1 readings at 
different accommodation levels included the effect of the monochromatic aberrations 
of the eye (from this region). 
Stimulus-response relationships were measured for five subjects and then analysed to 
investigate if the subjects' existing aberrations may have influenced the magnitude of 
the accommodation response. There was no evidence of an association between 
accommodation error and the root-mean-square deviation of the wavefront for any of 
the subjects tested. The results for spherical aberration and accommodation error were 
also unconvincing, with possible associations for some subjects. 
Known levels of spherical aberration were introduced to the tested eyes of three young 
subjects through the use of aspheric rigid contact lenses (in air). There was a clear 
effect of spherical aberration on accommodation response, in the ratio of 1 D 
accommodation response to 4 - 5 D of spherical aberration (edge of a 5 mm pupil). 
Spherical aberration was systematically varied (induced spherical aberration of+ 1.1 D 
and +2.2 D at the edge of a 5 mm pupil) to investigate its influence on the 
accommodation microfluctuations of two young subjects. At the same time the 
subjects' pulse rates were measured and the subjects breathed at a fixed respiration rate 
to accurately identify their contributions to the accommodation rnicrofluctuations. The 
II 
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results showed the expected correlation between the high and low frequency 
components of the microfluctuations and the subjects' pulse and respiration rates. 
However there was no significant change in the microfluctuation power spectra 
associated with changes in spherical aberration. 
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Chapter 1 
CHAPTER 1 
INTRODUCTION 
OPTICAL QUALITY AND VISUAL PERFORMANCE 
This section discusses the methods for describing the optical quality of the eye, the 
various factors which are known to influence the optical quality of the eye and the 
effects of the eye's optics upon visual performance. 
Visual axis 
The visual axis is defined as the ray path joining the object, nodal points and fovea 
(Millodot 1990). Along the optical axis of the eye, the Purkinje images are 
approximately aligned. The difference between this optical axis and the visual axis is 
defined as angle alpha, which for most subjects positions the optical axis about 5 
degrees temporal to the visual axis in object space (Dunne, Misson, White and Barnes 
1993). 
Defining optical quality 
An optical system such as the eye, which has a finite aperture (the pupil), has its 
optical quality limited by diffraction. Diffraction becomes the limiting factor to the 
resolution of the eye when the pupil size is less than about 2 mm (Freeman 1990). 
The diffraction-limited pattern (distribution of light) of an optical image for a point 
source of light is called Airy's disk. Based upon the Airy diffraction pattern, the 
Rayleigh criterion of image quality defines the ability to resolve the separation of two 
1.1 
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identical point sources of incoherent light as: 
Minimum resolvable angle (mins of arc)= 1.22 A, I a 
where A, is the wavelength of light and a is the stop diameter in mm. The Rayleigh 
criterion gives a distance between the centres of the two point images equal to the 
radius of the first dark ring in the Airy diffraction image. Figure 1.1 illustrates the 
effect of the separation of two point sources of light on the resolution of the retinal 
images. 
The retinal image quality can be defined by reference to changes in the modulation and 
phase of the image relative to those of the object for various spatial frequencies. The 
modulation transfer function (MTF) indicates the loss of contrast (modulation) of the 
image formed by an optical system ( eg. eye) as a function of the sine-wave spatial 
frequency of the object or image. The phase transfer function (PTF) describes the 
phase shift in the image of a sine-wave grating object relative to its expected geometric 
position in the image plane (retina). The PTF and MTF are the two components of the 
optical transfer function (OTF). 
Other methods of specifying the optical quality of the eye known as the point-spread 
function (PSF) and line-spread function (LSF) are the light distributions of the images 
formed by a point source and a thin line source of light respectively. A Fourier 
transform of the LSF is the OTF. 
Contrast sensitivity function 
The two basic grating waveforms (series of dark and light parallel bars of equal 
width) which are used in testing aspects of visual function are the sine-wave and 
square-wave gratings. In simple terms, the square-wave stimulus has sharp 
transitions from light to dark zones, whereas the sine-wave has a gradually changing 
luminance profile (Figure 1.2). 
1.2 
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4 2 0 2 4 
4 2 0 2 4 
Figure 1.1: The point-spread function determines the resolution of two point 
sources of light imaged on the retina. The point-spread function follows that 
of Gubisch (1967) for a human eye with a 3 mm pupil in best focus in white 
light. The x axis scale is in minutes of arc and the cone diameter in the central 
retina is about 0.5 minutes of arc. The finer curve illustrates the summed 
intensity distribution. 
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Figure 1.2: Square-wave and sine-wave gratings illustrating the 
luminance profile. 
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Contrast is normally defined by: Maximum luminance - Minimum luminance 
Maximum luminance + Minimum luminance. 
The processing of spatial visual information is thought to occur through mechanisms 
which are sensitive to both the contrast of the retinal image and its spatial frequency 
content (Campbell and Robson 1968; Blakemore and Campbell 1969). The testing of 
spatial vision is therefore often approached through the measurement of the eye's 
contrast threshold for a range of sine-wave spatial frequencies. The contrast sensitivity 
of the eye is the reciprocal of the contrast threshold and the results are plotted as the 
contrast sensitivity function (CSF) (Figure 1.3). 
The contrast sensitivity of the normal eye is highest for intermediate spatial 
frequencies (3-5 cycles/deg) and gradually decreases for both higher and lower spatial 
frequencies. The highest spatial frequency which can be resolved is called the high 
spatial frequency cut-off and approximately corresponds to the conventional 
measurement of visual acuity with a letter chart. The CSF of the eye will reflect the 
quality of both the optics of the eye ( eg. Campbell and Green 1965) and its neural 
processing (eg. Hess and Howell 1977). 
Stiles-Crawford effect 
Retinal photoreceptors show varying sensitivity to incident light as a function of the 
position of light rays within the entrance pupil of eye (the Stiles-Crawford effect) 
(Stiles and Crawford 1933). Light rays passing through more peripheral regions of the 
pupil are less effective at eliciting a response than rays passing through the centre of 
the pupil. The directional sensitivity of the retina in photopic conditions is thought to 
arise primarily from the optical properties of the cones (eg. Enoch 1972). 
One method of representing the influence of the Stiles-Crawford effect on visual 
function is to consider the mechanism as an apodization occurring at the pupil 
1.5 
>-
...... 
·:; 
:;::; 
·u; 
c (]) 
Cf) 
...... (j) 
ctS ,_ 
...... 
c 
0 
0 
300 
100 
30 
10 
3 
1 
0.25 0.5 1 2 4 8 
Spatial Frequency 
(cycles/degree) 
16 
Chapter 1 
32 64 
High spatial frequency 
cut-off. 
Figure 1.3: Contrast sensitivity function of the human eye. 
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(Metcalf 1965). Apodization can be considered as a symmetrical filter with higher 
attenuation in the periphery (Figure 1.4). 
Photoreceptors also show the remarkable property of phototropism, where they 
appear to alter their relative direction to realign with the centre of the exit pupil of the 
eye following pathologies (Enoch, van Loo and Okun 1973; Birch, Sandberg and 
Berson 1982) or induced displacements of the pupil (Bonds and MacLeod 1978; 
Enoch and Birch 1980; Applegate and Bonds 1981). 
Measurements of the optical quality of the eye 
Campbell and Green ( 1965) compared the contrast sensitivity of the eye when 
measured both through the optics of the eye and after bypassing the optics through the 
use of interference fringes formed directly on the retina. The optics of the eye reduced 
contrast sensitivity of the eye at all spatial frequencies and influenced higher spatial 
frequencies to the greatest extent. As pupil size was increased the deviation of the 
optical performance of the eye from the diffraction-limited case became greater, 
presumably as a result of higher levels of monochromatic aberrations. Charman 
( 1978) measured the CSF for a range of pupil sizes and defocus levels and confirmed 
the previous findings of Campbell and Green (1965): contrast sensitivity was least 
affected by defocus for low spatial frequencies and small pupil sizes. 
The distribution of light in the image of a bright thin line formed on the retina (line 
spread function, LSF) has also been used to define the optical quality of the eye ( eg. 
Krauskopf 1962; Westheimer and Campbell 1962). Campbell and Gubisch (1966) 
derived the LSF of the eye and then used Fourier analysis to derive the MTF of the 
eye. For the three subjects tested, the best MTFs occurred for 2 to 3 mm pupils 
(Figure 1.5). They believed that for smaller pupils the MTFs decreased as a result of 
diffraction and for larger pupil sizes they decreased as a result of aberrations. A lower 
MTF indicates a lower ratio of image to object contrast. Charman and Jennings 
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Figure 1.4: Representation of the influence of the Stiles-Crawford effect upon 
the response to light reaching the retina. The Metcalf ( 1965) model represents 
the Stiles-Crawford effect as an apodization of the pupil. 
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Figure 1.5: Line spread functions of the eye for various pupil diameters. 
The thinner curves are theoretical values for white light for a diffraction limited 
eye. The bold curves are derived from measurements of light reflected from 
the retina (from Campbell and Gubisch 1966). The x axis scale is minutes of 
arc at the retina. 
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(1976) measured the LSF as a function of the level of focus for one subject and 
concluded that the measured MTF was lower than that predicted by diffraction and 
spherical aberration and was therefore also degraded by irregular monochromatic 
aberrations. 
Van Meeteren (1974) calculated the influence of the Stiles-Crawford effect on the 
MTF for a 5 mm pupil using the apodization model of the Stiles-Crawford function 
(Metcalf 1965). He found little influence of Stiles-Crawford apodization on the 
calculated MTF and concluded that the Stiles-Crawford effect has little functional 
significance for image quality; in photopic conditions the pupil is small and the Stiles-
Crawford effect is therefore limited and in low luminance conditions the effect is 
absent because it is cone mediated. 
The relative effects of chromatic and monochromatic aberrations on the MTF were 
also calculated by van Meeteren (1974). He found that chromatic aberration had a 
more profound effect on the calculated MTF than did monochromatic aberrations, the 
difference becoming greater with larger pupil sizes. In low luminance conditions, he 
also found that optimal focus was shifted in the minus correcting lens direction 
(relative to that at higher luminances) by a combination of factors such as the spherical 
aberration of the eye, the decrease in resolvable spatial frequency, the loss of Stiles-
Crawford effect and the Purkinje shift. 
The calculated effect of defocus on the MTF on the aberration-free eye is well 
established ( eg. Charman and Tucker 1977) (Figure 1.6). The modulation of higher 
spatial frequencies is influenced to the greatest extent by defocus, and increasing levels 
of defocus lead to reversals of contrast (ie. phase reversals, see Figure 1.6) (Smith 
1982). For an aberration-free eye, the changes in the MTF are independent of the 
direction of defocus. However in the presence of spherical aberration the MTF is 
asymmetric with defocus and therefore phase reversals depend on both the direction 
1.10 
Chapter 1 
1.0 
0.8 
,_ 
Q) 
'+- 0.6 Cl) c 
ctl ,_ 
...... 
c 0.4 0 
:;:::; 
ctl 
::::l 
"O 0.2 0 
::?! 
0 
-0.2 
0 10 20 30 40 
Spatial frequency (c/deg) 
Figure 1.6: Modulation transfer function of an eye with a perfect optical system 
for the levels of defocus indicated on the curves (from Charman and Tucker 1977). 
The eye has a 4 mm pupil and the wavelength of light is 535 nm. Phase reversals 
are evident when the MTF falls below zero and then again rises above zero as the 
level of defocus increases. 
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and magnitude of defocus. This property of the MTF could be of importance in the 
control of accommodation. 
Most discussions of the optical characteristics of the eye consider only the MTF and 
presume that the PTF is negligible (ie. assuming a radially symmetrical system). 
However, Charman and Walsh (1985) analysed the expected PTF for a number of 
eyes whose monochromatic aberrations were well defined and for some of these eyes 
found substantial phase shifts (>40 deg) for high spatial frequencies at pupil sizes ~4 
mm. The MTF and PTF have also been shown to be dependent on the orientation of 
the target, particularly for larger pupil sizes (Artal, Santamarfa and Besc6s 1988a; 
Walsh and Charman 1992). 
Depth of focus 
For any level of accommodation there is a single object distance at which the object is 
focused on the retina for an aberration-free system. The range of object movement 
toward or away from the eye (or its dioptric equivalent) over which the visual system 
does not detect blur is termed the depth of focus. This range is determined by factors 
such as the optical characteristics of the eye, the characteristics of the object being 
viewed, the sensitivity of the retina-neural processing and the criterion adopted for 
blur detection (Figure 1.7). 
Campbell (1957) showed that increasing luminance and contrast both decreased the 
depth of focus of the eye for a 3 mm pupil. Green and Campbell ( 1965) found an 
inverse relationship between spatial frequency and the eye's sensitivity to defocus; a 
trend which was verified by Legge, Mullen, Woo and Campbell ( 1987) using mid to 
low spatial frequencies. Green, Powers and Banks (1980) also provide calculated 
interactions between spatial frequency, pupil size and depth of focus using an eye with 
a diffraction-limited MTF with 80% modulation of contrast. They showed that stimuli 
comprised of higher spatial frequencies should have a smaller depth of focus. 
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and Charman (1975) and Charman and Whitefoot (1977). The dashed 
curve represents the depth of focus based on the theoretical assumptions 
of the Rayleigh quarter wavelength criterion for a diffraction-limited eye 
in 555 nm monochromatic light (from Charman 1983). 
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The relationship between Snellen letter acuity, pupil size and depth of focus was 
studied by Tucker and Charman (1975). They found that geometrical optics accurately 
predicts the effect of pupil size on depth of focus for pupil sizes between 2 and 4 mm. 
However for smaller pupil sizes the effects of diffraction and retinal sensitivity were 
considered to become important and for pupil sizes above 4 mm the effects of 
chromatic and monochromatic aberrations and the Stiles-Crawford effect were 
thought to become important. For pupil sizes greater than 4 mm there was little effect 
of increasing pupil size on the depth of focus. 
Using a laser optometer and the criterion of apparent speckle motion, Charman and 
Whitefoot (1977) measured the depth of focus of the eyes of six subjects for a range 
of pupil sizes from 1 to 7 mm. For pupil diameters up to about 5 mm, they found 
reasonable agreement between measured values and values predicted from application 
of the Rayleigh (quarter wavelength) criterion to an aberration-free model eye. By 
accounting for factors including Stiles-Crawford apodization, longitudinal spherical 
aberration (1.5 D for 6 mm pupil), and assuming modulation transfer at 80% of an 
optimal system, the psychophysical data showed reasonable agreement with the 
prediction for both a 10 and 30 cycle/deg stimulus. Charman and Whitefoot (1977) 
concluded that for pupil sizes above 3 mm the depth of focus of the eye will be 
approximately constant and will depend upon the aberrations present in the eye. 
Bour (1980) considered the influence of monochromatic aberrations on the image 
quality of the eye by measuring CSF both through the optics of the eye and using 
interference fringes which by-passed the optics of the eye. He found a substantial loss 
in sensitivity and increased depth of focus for pupil sizes :2:3 mm, related to the 
monochromatic aberrations of the eye. 
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The amplitude of microfluctuations in accommodation should influence the measured 
depth of focus of the eye. The effect of target vergence on accommodation 
microfluctuations is not completely clear from previous studies (Bour 1981; Denieul 
1982; Kotulak and Schor 1986a; Miege and Denieul 1988), however their magnitude 
(peak-to-peak) is likely to be in the order of 0.1 to 0.3 D for most target vergences. 
During the measurement of the depth of focus of the eye, these oscillations in lens 
power will periodically extend and then contract the depth of focus range (provided 
the measurement time exceeds one full period of the microfluctuations). 
The theoretical influence of spherical aberration upon depth of focus was calculated by 
Legge et al. (1987) based on the data of Charman and Heron (1979) and adopting a 
criterion of the MTF falling to 50% of its peak amplitude. They found that the depth 
of focus of an eye with 1.22 D of positive spherical aberration (for a 5.4 mm pupil 
and 555 nm light) should be about 2.5 times greater than that of an aberration-free 
eye, when both eyes viewed a 32 cycle/deg stimulus. 
Pupil centration and visual resolution 
The centre of the natural pupil has been shown to vary with the level of illumination. 
Walsh (1988) found up to a 0.4 mm change in pupil centre, while Wilson, Campbell 
and Simonet (1992) found up to a 0.6 mm change. The optical consequences of such 
decentration can include coma and transverse chromatic aberration. 
The effects of pupil centration on visual resolution is a matter of some interest in 
terms of psychophysical experimental procedure and the natural centration of the 
pupil. Decentration of small pupils ( <1 mm) has been reported to lead to diminished 
visual resolution (Campbell 1958) which was thought to be related to retinal (possibly 
the cone's directional sensitivity) rather than optical effects (Campbell and Gregory 
1960; van Meeteren and Dunnewold 1983). 
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Walsh and Charman (1988) analysed the effects of decentration of the entrance pupil 
for two eyes based upon detailed knowledge of these eyes' monochromatic 
aberrations (derived through the aberroscope technique). For smaller pupil sizes, they 
found little change in the MTF as a result of decentration, but for larger pupils (3 mm) 
there were significant losses in MTF as a result of decentration. It has been shown that 
for displaced pupils the chromatic aberration of the eye induces wavelength-dependent 
spatial shifts which can substantially degrade image contrast (Thibos, Bradley, Still, 
Zhang and Howarth 1990; Simonet and Campbell 1990). 
Chromatic aberration of the eye 
The refractive properties of the eye are dependent upon the wavelength of incident 
light. The variation in refractive index of the eye with wavelength is termed chromatic 
dispersion and causes two types of aberration. Longitudinal chromatic aberration is 
normally expressed as the refractive correction of the eye along the optical axis as a 
function of wavelength. Typical estimates of longitudinal chromatic aberration are 
approximately 2 D between 400 nm to 700 nm, with the shorter wavelengths 
requiring more negative correction (eg. Wald and Griffin 1947; Bedford and 
Wyszecki 1957). 
Thibos, Bradley and Zhang (1991) have discussed the primary optical consequences 
of the chromatic dispersion of the eye. A chromatic difference of focus arises which 
reduces the contrast of the retinal image (ie. a lower MTF by an amount equivalent to 
about 0.2 D of monochromatic defocus). A wavelength dependent difference in 
magnification also occurs, but is typically small ( <1 % ). The other effect of chromatic 
dispersion is the chromatic difference in position (ie. transverse chromatic aberration 
caused by wavelength dependent spatial phase shifts) which can have significant 
consequences for foveal vision when the entrance pupil is displaced. An off-axis 
polychromatic point source of light will also form coloured fringes on the retina ( eg. 
Thibos et al. 1990; Simonet and Campbell 1990). 
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Summary 
The on-axis optical quality of the human eye is approximately matched to the 
resolution capacity of the retina (ie. the optical quality is not significantly better nor 
worse than the detection capacity) (Charman 1983). For small pupil sizes the 
resolution of the eye is limited by diffraction and for large pupil sizes it is limited by 
the monochromatic and chromatic aberrations of the eye. The eye is most sensitive to 
intermediate spatial frequencies (3-5 cycles/deg) and defocus is known to 
preferentially diminish sensitivity to higher spatial frequencies. However some 
tolerance to the effects of defocus are afforded by factors such as smaller pupils and 
the presence of monochromatic aberrations. 
MONOCHROMATIC ABERRATIONS 
In clinical practice the optical quality of the human eye is normally considered only in 
terms of sphero-cylindrical refractive errors. However the errors in focus of the 
human eye are more complex than simple sphero-cylindrical errors. This section 
discusses the methods for describing and measuring the monochromatic aberrations 
of the eye and the effects of these aberrations upon aspects of visual performance. 
Monochromatic aberrations of an optical system 
When considering the optical power of a lens or lens system, the simplest method of 
calculating focal distances is to use only rays near the axis. For rays close to the axis 
there is little difference between the sine of the angle and the angle expressed in 
radians (ie. sin i z i). Calculations based on the assumption that the sine of an angle 
can be replaced by the angle are often called paraxial optics. 
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However to accurately define the aberrations in the system it is necessary to use the 
exact relationship between sin i and i which is: 
sin i = i - i3/6 + i5fl20 - F/5040 + ...... . 
If consideration of this series is confined to the first two terms of the series to give the 
approximation: 
sin i ""' i - i3!6 
subsequent calculations can be referred to as third-order theory and the five 
monochromatic aberrations derived from these terms are referred to as the primary or 
Seidel monochromatic aberrations of an optical system. These primary aberrations are 
spherical aberration, coma, oblique astigmatism, image curvature and distortion. 
Extending the approximation of sin i to: 
sin i""' i - i3/6 + i5fl20 
we obtain fifth-order theory. 
Spherical aberration is the only primary aberration which affects axial images for a 
centred optical system. For a positive power optical system such as the eye, positive 
spherical aberration arises when the marginal rays intersect the optical axis in front of 
the paraxial rays and negative spherical aberration occurs when the marginal rays 
intersect the optical axis behind the paraxial rays (Figure 1.8). 
The spherical aberration of the eye is normally defined in terms of the longitudinal 
spherical aberration (LSA) which is the difference in focus position (expressed as a 
dioptric value) between the paraxial and marginal rays. The level of primary 
longitudinal spherical aberration of a system varies as the square of the aperture size; 
therefore a doubling of aperture radius causes a fourfold increase in the level of LSA 
of the system. 
Coma occurs only for off-axis object points for a centred optical system and produces 
a characteristic asymmetrical comet shaped image (Figure 1.9). The coma is described 
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Figure 1.8: Positive spherical aberration. The caustic surface arises from the 
sum of tangential foci. 
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Figure 1.9: Coma showing ray path and characteristic image appearance. 
Coma only arises for off-axis points for centred, symmetric optical systems. 
The illustrated coma is negative, where the tail of the coma (C) is closer to 
the axis than the head (A) (after Keating 1988). 
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as negative when the tail of the image is closer to the axis than the head of the image 
and the coma is positive when the opposite occurs. 
Oblique astigmatism (sometimes called radial or marginal astigmatism) arises from 
off-axis object points. The astigmatism is caused by differences in refractive power in 
the sagittal and tangential planes of the optical system. 
Field curvature arises because the in-focus image of an optical system normally does 
not lie in a plane, but lies on a curve (the Petzval surface). Curvature of field causes 
the image on a plane to become progressively more blurred away from the axis. 
Distortion arises through differential magnification effects because of the variations in 
object and image distances for off-axis points. A straight line object will only be 
imaged as a straight line if the object (line) passes through the optical axis. For 
example, the image of a square grid object formed in the presence of distortion may 
show "pincushion" or "barrel" distortion. 
Wavefront aberrations 
It is possible to define the eye's monochromatic aberrations in terms of wave optics 
through the wavefront deviation or wavefront aberration. The image of a point source 
of light will not be a perfect point image at the retinal plane unless the convergent 
wavefront is spherical. Assuming that the appropriate correction of defocus in the 
wavefront has occurred, the residual error in the wavefront can be used to accurately 
define the aberrations which are present in the eye (Figure 1.10). The mean-square-
error (mse) and the root-mean-square deviation (rms) describe the wavefront 
deviation from a perfect sphero-cylindrical wavefront in µm2 and µm (respectively) at 
the plane of the exit pupil. 
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Figure 1.10: Light can be considered as travelling in waves. In the spherical 
wavefront, light arrives at the lens with a curvature centred at B. After 
refraction by the lens, the wavefront is then centred at B' (after Freeman 1990). 
Coma and spherical aberration figures show the ray paths and respective 
wavefronts (after Keating 1988). 
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The general equation for the on-axis wavefront aberration of a centred and 
symmetrical optical system is: 
W = Ap4 + Bp6 + Cp8 + ..... . 
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where W is the wavefront deviation from a spherical wavefront at the plane of the 
stop (pupil) and pis the displacement from the axis (Freeman 1990). Third-order 
theory gives the Ap4 term, fifth-order theory gives the Ap4 and Bp6 terms, seventh-
order theory gives the Ap4, Bp6 and Cp8 terms and so on. 
Monochromatic aberrations of the human eye 
The optical system of the human eye produces a variety of axial monochromatic 
aberrations which vary in type and degree between individuals. These monochromatic 
aberrations are rarely symmetrical and there is frequently an asymmetrical or coma-
like quality to the aberrations (van den Brink 1962; Smimov 1961; Howland and 
Howland 1976, 1977; Walsh, Charman and Howland 1984; Walsh and Charman 
1985; Campbell, Harrison and Simonet 1990). Because of the asymmetric nature of 
most ocular monochromatic aberrations, Smimov ( 1961) suggested that the 
aberrations are best described by wavefront aberrations, expressed as the deviation 
from a perfect spherical wavefront at the entrance pupil of the eye. 
Many techniques have been utilised to measure the monochromatic aberrations of the 
eye. These techniques have included: 
1. peripheral retinoscopy, 
2. the use of the Scheiner principle or annular pupils, 
3. the measurement of transverse ray aberrations, 
4. imaging techniques, 
5. the aberroscope technique. 
While monochromatic aberrations of the eye are largely asymmetrical, longitudinal 
spherical aberration (a rotationally symmetrical aberration) may in some eyes be the 
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major aberration present or at least contribute a considerable portion of the total ocular 
aberrations. Many of the earlier techniques of measuring the eye's aberrations 
provided results only in terms of spherical aberration and while this is a simplification, 
the techniques still provide some insight into the nature of the aberrations present. 
Peripheral retinoscopy 
Some of the earliest attempts to measure the monochromatic aberrations of the eye 
involved the use of retinoscopy (or skiascopy as it was often called). The retinsocope 
was used to measure the state of refraction of the eye through various regions of the 
pupil (Jackson 1888; Pi 1925; Stine 1930; Jenkins 1963). These studies established 
that in general when the eye was focused on a distant object, the peripheral regions of 
the pupil required more negative correction than the central region of the pupil (ie. 
there was positive spherical aberration). 
Scheiner principle and annular pupils 
Von Bahr ( 1945) used the Scheiner principle to measure the spherical aberration of the 
eye. For 25 young subjects he found that most had positive spherical aberration, but 
that sometimes negative spherical aberration or asymmetrical aberrations were 
present. 
Koomen, Tousey and Scolnik (1949) used a range of annular pupils to measure the 
spherical aberration of the eyes of three subjects at various levels of accommodation. 
All of the subjects showed positive spherical aberration for low accommodation levels 
with a trend toward less positive spherical aberration as the accommodation level 
increased. One subject showed negative spherical aberration at the highest 
accommodation level (about 3 D accommodation). The results obtained with this 
method should be considered as a mean refraction for each annular region of the pupil. 
Charman, Jennings and Whitefoot (1978) repeated the Koomen et al. experiment but 
used cycloplegia of the tested eye. They also found positive spherical aberration for the 
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two subjects tested. 
Transverse ray aberrations 
Ivanoff (1956) measured the aberrations of ten eyes using a vernier technique which 
projected a reference target through the central pupil and a second target through the 
peripheral pupil at defined ray heights. The subjects' task was to align the vernier 
targets and the prismatic displacement of the peripheral target was calibrated to derive 
the local refractive power. Three levels of accommodation were induced (0 D, 1.5 D 
and 3 D) and ray heights of up to 2 mm were measured. The change in local refractive 
power across the pupil typically showed positive spherical aberration for 
unaccommodated eyes and was on average about +0.3 D for a 2 mm ray height. 
Accommodation generally produced changes in the peripheral refractive powers, with 
some subjects showing a trend toward less positive spherical aberration but others 
showing changes only on one side of the axis (pupil) and others showing more 
positive spherical aberration. 
Smirnov (1961) developed a sophisticated vernier alignment system to measure 
regional power variations across the pupil. After converting the results into the form 
of wavefront deviations, it is clear that the subjects tested had substantial asymmetry 
in the aberrations present and changes occurred in the aberrations as the subjects 
accommodated. 
The local refractive power in small regions across the pupil was measured by van den 
Brink (1962). Results for three subjects across one meridian show substantial 
asymmetry of regional power for the unaccommodated eye. A more detailed set of 
results across the full pupil for one subject shows substantial changes in both the 
magnitude and distribution of power changes for a range of accommodation levels 
from unaccommodated up to 1Din0.2 D steps. Van den Brink (1962) rightly 
acknowledged that the ability to categorise changes in aberrations over such small 
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accommodation increments was doubtful. Howland and Buettner (1989) reanalysed 
van den Brink's data and illustrated substantial changes in the asymmetric components 
of the aberrations as accommodation increased from 0 D to 1 D. 
Jenkins (1963) used a vernier technique similar to that of Ivanoff to measure the 
aberrations present in the eyes of 12 subjects as accommodation stimulus was varied 
from unaccommodated to 1.5 D and 3 D. His results show a consistent trend from 
positive spherical aberration when unaccommodated toward more negative spherical 
aberration as accommodation level increased. 
Schober, Munker and Zolleis (1968) used an objective coincidence optometer to 
measure the local refractive powers across one meridian of the eye of two subjects. 
For a myopic subject with 0.5 D of accommodation the aberrations appeared irregular 
and for an emmetrope the aberrations appeared more regular, with negative spherical 
aberration predominating at the three accommodation stimulus levels tested (0.3, 1.3 
and 2.3 D). 
The use of isolated ray paths through the pupil was further developed by Campbell et 
al. (1990) who used a Maxwellian view system to isolate a ray path in the entrance 
pupil while the reference ray path was seen in normal view. A video system was 
concurrently used to define the position of the Maxwellian view source relative to the 
geometric centre of the pupil (Campbell and Simonet 1990). The displacement of 
vernier targets seen in each ray path was used to derive the transverse ray aberrations 
present along the meridian of the eye being measured. There were differences in the 
aberrations measured for each of the four subjects tested, however for three of the 
subjects who had both eyes measured, the aberrations in each eye showed similarities. 
The predominant aberrations were positive spherical aberration for some eyes and 
coma in other eyes. Coma was thought to arise in some eyes from pupil displacement 
and in other eyes from asymmetry in the alignment of the optical elements or 
1.26 
Chapter 1 
surfaces. 
The technique of Campbell et al. ( 1990) was modified by Lu, Munger and Campbell 
(1993) to incorporate an accommodative stimulus. Substantial changes occurred in the 
measured aberrations as a function of accommodation for two of the three subjects 
tested, but the changes were not systematic. They also found that third and fifth order 
coma and spherical aberrations often had opposite signs (a balancing effect). 
Recently the Hartmann-Shack wavefront sensor technique has been applied to the 
measurement of monochromatic aberrations of the eye (Liang, Grimm, Goelz and 
Bille 1994). Light is focused at the fovea which is then considered to act as a point 
source. The wavefront leaving the eye at the exit pupil is then imaged onto a 
Hartmann-Shack wavefront sensor (orthogonal arrays of cylindrical lenslets). This 
arrangement of lenslets acts to produce a regular array of focal points if the optics are 
perfect. Aberrations of the eye cause measureable displacement of focal points within 
the array. The two eyes tested by this method showed small levels of coma and 
spherical aberration. 
Imaging techniques 
The Foucault (knife-edge) test has been applied to the study of ocular aberrations by 
Berny (1969) and Berny and Slansky (1970). This method allows the derivation of 
wavefront deviations across the pupil based upon variations in the knife-edge image 
acquired. For the one eye studied there was asymmetry in the power distribution 
across the pupil (mainly higher positive power in the periphery) and there were also 
changes in the wavefront as a result of accommodation. 
Santamaria, Artal and Besc6s (1987) developed a technique for the measurement of 
the eye's PSF by direct recording of the image of a point source of light on the retina 
and subsequent digital analysis of the captured images. Artal, Santamarfa and Besc6s 
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(1988 a,b) have derived wavefront aberrations from the PSFs obtained from the same 
eye and found predominantly symmetrical deviations of the wavefront. However a 
recent reanalysis of their technique disclosed that asymmetric aberrations ( eg. coma) 
were erroneously masked by their double-pass method through the optics of the eye 
(Artal, Marcos, Navarro and Williams 1995). 
Aberroscope 
Howland and Howland (1977) cited Tscherning as describing the first "aberroscope" 
in 1894. The device required the subject to view a distant point source of light through 
a square grid imaged at the pupil plane by a +5 D spherical lens. The monochromatic 
aberrations of the eye cause distortions in the shadow of the grid formed on the retina. 
A significant development of the aberroscope method arose through the work of 
Howland (1968) who used an aberroscope with cross-cylinder lenses to test the 
optical quality of lens systems; the cross-cylinder limited the influence of the 
diffractive blurring of the grid resulting from the thin closely spaced lines comprising 
the grid. This technique was later applied to the measurement of the human eye by 
Howland and Howland (1976, 1977) and allows the distortions in the grid shadow 
imaged on the retina to be transformed into estimates of the ocular aberrations. 
The aberroscope technique used by Howland and Howland (1976, 1977) for the 
measurement of monochromatic aberrations of the eye relied on the subject drawing 
(free-hand) the grid shadow formed on their retina. From these drawings, the grid 
intersection points were analysed to derive a Taylor polynomial representing the two-
dimensional wavefront aberration at the pupil of the eye. 
The results for 55 subjects using the subjective aberroscope technique (Howland and 
Howland 1976, 1977) showed a predominance of asymmetrical aberrations (such as 
coma) over symmetrical aberrations (such as spherical aberration). For a sample of 
eyes, the MTFs were calculated from the (best-focus) wavefront aberration data along 
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horizontal and vertical meridians for a 5 mm pupil and a 555 nm wavelength. The 
results showed substantial differences in the computed MTF between the "best" and 
"worst" eyes of the 55 subjects, with the "median eye" displaying an approximately 
80% reduction in contrast at 30 cycle/deg relative to that of a diffraction-limited eye. 
A further development of the aberroscope technique was the incorporation of a camera 
in the system (via a beam splitter) which allowed direct photography of the distorted 
aberroscope grid shadow on the retina (Walsh et al. 1984). The objective results were 
similar to those previously reported by Howland and Howland (1976, 1977) using the 
subjective aberroscope technique. The major contribution to the rms deviation of the 
wavefronts again arose from the third-order coma and coma-like aberrations and not 
the fourth-order components of the aberrations. After accounting for potential retinal 
effects, the calculated mean MTF of the eyes tested showed reasonable agreement 
with the MTF derived by Campbell and Gubisch (1966) from the LSF of 3 eyes. 
Walsh and Charman (1985) illustrated the nature of individual wavefront deviations 
for their subjects' data with contour plots and also provided calculated phase transfer 
functions for the eyes. The apparent phase shifts were large and significantly 
influenced by pupil diameter. 
Further developing the aberroscope system, Atchison, Collins, Wildsoet, Christensen 
and Waterworth (1995) used an objective aberroscope system (similar in principle to 
that of Walsh et al. 1984) in combination with an accommodation stimulus before the 
non-tested eye, to measure monochromatic aberrations as a function of 
accommodation level. Fourteen subjects were tested at accommodation stimulus 
levels of 0 D, 1.5 D and 3 D with the results again showing a predominance of third-
order components of the aberrations over fourth-order components as previously 
reported by Howland and Howland (1977) and Walsh et al. (1984). Individuals 
showed substantial variability in the effect of accommodation upon third-order and 
fourth-order aberration component levels and only 7 of the 14 subjects showed more 
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negative spherical aberration with increasing accommodation level. 
Corneal and lenticular contributions to monochromatic aberrations 
As the cornea is the major refracting component of the eye, variations in the shape of 
the cornea have important implications for the optical quality and monochromatic 
aberrations of the eye. The shape of the human cornea is often represented 
mathematically by an ellipsoid, which progressively flattens in curvature from centre 
to edge (eg. Lotmar 1971; Kiely, Smith and Carney 1982). 
An ellipse is one of the family of curves defined by a conic section. Depending on 
where the cone is sectioned the curve resulting may be an ellipse, circle, parabola or 
hyperbola (Figure 1.11). When the cone is bisected perpendicular to its axis a circle 
will result, and a parabola will result when the bisecting angle is parallel to the cone 
angle. An ellipse which flattens from the centre towards the edge is a prolate ellipse 
( eg. the normal cornea) and an ellipse which steepens in the periphery is an oblate 
ellipse. 
A conic section can be defined by the equation: 
y2 = 2 r0 x - (1 + Q) x2 (Bennett 1988a) 
where Q is asphericity, x and y are cartesian co-ordinates, r0 is the central radius and 
the x axis is the optical axis. 
When: O<Q 
Q=O 
0 > Q > -1 
Q =-1 
Q <-1 
the conic section is an oblate ellipse, 
the conic section is a circle, 
the conic section is a prolate ellipse, 
the conic section is a parabola, 
the conic section is a hyperbola. 
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a Circle 
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c Parabola 
d Hyperbola 
Figure 1.11: Conic sections including circle, ellipse, parabola and hyperbola. 
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Other terms used to define asphericity include: 
Their relationship to Q is: 
p (sometimes called the shape factor), 
e (sometimes called the eccentricity value), 
k (sometimes called the conic constant). 
Q = p - 1, 
Q = -e2 (when Q $ 0), 
Q=k. 
A general equation for the sagittal displacement (Z) of a rotationally symmetrical 
aspheric surface was given by Smith and Atchison (1985): 
cp2 
z = + a4p4 + a6p6 + a8p8 
1 + "1[1 - c2 (1 + Q) p2] 
where c is the vertex curvature (l/r), pis the distance from the axis and a4, a6 and a8 
are figuring coefficients. 
The mean corneal asphericity of 176 eyes was estimated to be Q = -0.26 (SD± 0.18) 
by Kiely et al. (1982). Guillon, Lydon and Wilson (1986) measured the corneal 
topography of 220 eyes and found a group mean asphericity of Q = -0.17 (SD±0.13) 
in the flatter meridian and Q = -0.19 (SD±0.16) in the steeper meridian. 
Kiely et al. (1982) calculated that for the anterior corneal surface to have zero spherical 
aberration for a distant object, a corneal asphericity of Q = -0.528 would be necessary, 
assuming that n = 1.376 for the cornea. They also concluded that the majority of 
corneas are under-corrected for spherical aberration (ie. contribute positive spherical 
aberration to the eye). However it is important to note that these calculations relate 
only to the anterior corneal surface. The contribution of the posterior corneal surface to 
the spherical aberration of the eye is not accurately known, but is relatively small 
compared to that of the anterior surface because of the small refractive index change 
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from the cornea to aqueous. 
The symmetry of corneal topography was also studied by Kiely et al. (1982) who 
found that the corneal asphericity was often asymmetric and that the best mathematical 
description was a non-rotationally symmetric conicoid. More recent qualitative studies 
using videokeratoscopes have also demonstrated that the topography and asphericity 
of corneas are often not rotationally symmetric (eg. Brogan, Waring, Ibrahim, Drews 
and Curtis 1990). This asymmetry in corneal topography is likely to contribute to the 
asymmetric aberrations of the total eye. 
Jenkins (1963) attempted to relate the total aberrations of the eye measured using the 
Ivanoff vernier technique with the results of central and peripheral keratometry (based 
on the Drysdale principle). He found little correspondence between corneal and total 
aberrations but acknowledged that the inaccuracy of his methods may have led to this 
result. El Hage and Berny (1973) addressed this same problem using the Foucault test 
to measure the total aberrations of the eye and a photokeratoscope to measure corneal 
topography. They concluded that the crystalline lens must contribute negative spherical 
aberration to the eye. Millodot and Sivak (1979) used Scheiner discs to measure the 
spherical aberration of the eye and then repeated the measurements with the corneal 
power neutralised through the use of water filled goggles. The average results for 
twenty subjects suggested that the crystalline lens contributes a small amount of 
positive spherical aberration to the total spherical aberration of the unaccommodated 
eye. However the change in optical conjugates associated with the use of the water 
filled goggles was not taken into account in Millodot and Sivak's calculation of 
spherical aberration. 
A method of deriving the corneal contribution to the monochromatic aberrations of the 
eye was recently proposed by Howland, Buettner and Applegate (1994). The first step 
in their analysis was to take the corneal sagittal height output of a videokeratoscope 
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(Topographic Modeling System) and fit these values with a "best-sphere". They then 
subtracted the best-sphere sagittal heights from the true corneal heights and used a 
Taylor polynomial (Howland and Howland 1976, 1977) to fit the "remainder lens". 
This Taylor polynomial can then be used to derive the orthogonal Zernike coefficients, 
the wavefront deviation and its third- and fourth-order components. 
If the crystalline lens surfaces were spherical and there was a uniform refractive index 
distribution within the lens, it would contribute positive spherical aberration to the eye. 
However the surfaces of the crystalline lens and its inner isoindical (same refractive 
index) layers are aspheric (Figure 1.12). Parker (1972) and Howcroft and Parker 
(1977) gave results for in vitro lenses which showed the anterior and posterior 
surfaces flatten toward the periphery (prolate ellipses). However data derived in vivo 
by Brown (1973) and in vitro data from Pierscionek cited in Smith, Pierscionek and 
Atchison (1991) show the lens surfaces as ellipses steepening in the periphery 
(oblate). If the crystalline lens surfaces are oblate ellipses then the surface interfaces 
will contribute positive (under-corrected) spherical aberration to the eye. 
Sivak and Kreuzer (1983) passed narrow laser beams at specific ray heights through 
five human crystalline lenses in vitro. The deviation in beam ray paths was used to 
calculate the spherical aberration present. They found small levels of positive spherical 
aberration in two of the lenses, and variable low levels of aberrations in the other three 
lenses measured. The difficulties with the interpretation of in vitro data for the 
crystalline lens are that accommodative status of the lens is unknown (the natural in 
vivo forces on the lens are absent) and the optical conjugates for the in vitro lens are 
not identical to those of the lens in vivo. 
In the human crystalline lens there is an increasing refractive index gradient toward the 
centre of the lens which effectively introduces a negative spherical aberration 
component to the total spherical aberration of the lens (Pierscionek, Chan, Ennis, 
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Anterior Posterior 
Equatorial section Sagittal section 
Figure 1.12: Variation in refractive index in the crystalline lens. 
Isoindical lines represent regions of the lens with similar refractive index. 
The refractive index increases towards the centre (nucleus) of the lens. 
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Smith and Augusteyn 1988; Pierscionek and Chan 1989). Smith et al. (1991) 
modelled the optics of the crystalline lens based upon the assumption of elliptical 
isoindical surfaces using various combinations of surface shape and refractive index 
distribution. Their results on the spherical aberration contributed by the lens were 
equivocal, some combinations producing total positive spherical aberration and others 
total negative spherical aberration. 
Monochromatic aberrations and age 
Studies of monochromatic aberrations of the eyes of large populations of subjects 
were conducted using the clinical technique of retinoscopy (skiascopy) by both Stine 
(1930) and Jenkins (1963). They both adopted the procedure of inducing cycloplegia 
in the tested eye and then measured the average spherical refraction in the central zone 
of the pupil and again in four peripheral quadrants of the pupil (in a Maltese cross 
pattern). This technique provides a relatively coarse measurement of the ocular 
aberrations but does reveal general trends in the nature of the aberrations present. 
Stine (1930) categorised the aberrations present in the eyes of 141 individuals as either 
positive or negative spherical aberrations or mixed aberrations. Mixed aberrations 
were of different sign in at least one quadrant of the pupil to that in the other 
quadrants. The magnitude of aberrations was rarely symmetrical in all quadrants of 
the same eye. Stine grouped the subjects into three age ranges; over 20 years, 13 to 20 
years and under 13 years. Positive spherical aberration was the predominant finding in 
the eyes of those subjects over 13 years of age, while negative spherical aberration and 
mixed aberrations were far more common in those subjects under 13 years of age. 
The results of Jenkins (1963) from 133 subjects again show a similar trend to those of 
Stine (1930). The eyes of children younger than approximately 6 years of age 
predominantly showed negative spherical aberration. The transition of the eye's 
spherical aberration from predominantly negative to positive spherical aberration 
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occurred at about 6-7 years of age and most adult eyes displayed positive spherical 
aberration. The results of Jenkins (1963) are presented in Figure 1.13 to illustrate the 
apparent trend in aberrations as a function of age. 
Comparison of aberrations in both eyes of an individual 
Jenkins (1963) used peripheral retinoscopy to measure the correspondence in 
aberrations between the fellow eyes of 31 subjects. Only 6 subjects had close 
correspondence between eyes in both the magnitude and sign (positive, negative or 
mixed) of the aberrations present, 7 had good correspondence in 3 of the 4 quadrants 
examined, and a further 9 subjects showed correspondence only in sign. The 
remaining 9 subjects showed lack of correspondence in sign of the aberrations 
present. 
Using five in vitro crystalline lenses from three subjects, Sivak and Kreuzer (1983) 
passed narrow laser beams through the crystalline lenses to calculate the local 
refractive power at specific ray heights. The data from the right and left lenses of two 
subjects show reasonably close correlation in the local refractive power across the lens 
in both eyes of the same individual. One subject's lens data shows a positive spherical 
aberration trend in both eyes, while the other's shows some negative spherical 
aberration in the mid-periphery of both eyes. 
Campbell et al. (1990) provided the first detailed information on the correspondence in 
monochromatic aberrations between the right and left eyes of three individuals. 
Measurement were confined to one meridian and showed substantial similarity in both 
the type and magnitude of the aberrations present in the fellow eyes of all three 
subjects. This was true for a subject with predominantly spherical aberration and for a 
further subject with predominantly coma, while the third subject had little aberration in 
either eye. 
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Figure 1.13: Monochromatic aberrations as a function of subject age. 
Data from Jenkins (1963) who used retinoscopy to identify the 
aberration types: positive LSA, negative LSA, mixed aberrations 
(when the sign of the aberration varied in different quadrants of the 
pupil) and no aberrations. 
No aberrations 
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Refractive errors and monochromatic aberrations 
Amongst adults, Stine (1930) and Pi (1925) found no apparent relationship between 
refractive error and spherical aberration of the eye using peripheral retinoscopy 
techniques. However, more recently Applegate (1991a) has used the subjective 
aberroscope technique to investigate the level of monochromatic aberrations present in 
the eyes of subjects with refractive errors ranging from +0.25 to -9.25 D. As myopia 
increased there was a distinct trend toward higher levels of monochromatic 
aberrations. This trend was manifested as both a greater distortion (aberrations) of the 
grid patterns (drawn free-hand by the subjects) and a reduction in the number of grid 
spacings which were visible, which suggests that the peripheral optics of the eye may 
have had high levels of aberrations leading to a contraction of the number of 
resolvable grid spacings. These results are however confounded to some degree by the 
changes in grid size at the pupil plane produced by the correcting lenses (refractive 
error correction) in the aberroscope beam path. 
Collins, Wildsoet and Atchison (1995a) used the objective aberroscope technique 
reported by Atchison et al. (1995) to measure the monochromatic aberrations present 
in the eyes of a group of myopic and emmetropic subjects, across three levels of 
accommodation. Fourth-order components of the aberrations were significantly 
different between groups with the myopes showing less positive or more negative 
· fourth-order terms, generally as a result of less positive or more negative spherical 
aberration. A high proportion of the aberroscope grids photographed in the myopic 
eyes were too highly aberrated to permit analysis, suggesting that differences between 
the groups were probably underestimated. 
Monochromatic aberrations and visual performance 
Wavefront aberrations of the eye and vision 
Whether the normal levels of monochromatic aberrations present in the eye reduce 
visual performance is not clear, but for most individuals it seems unlikely. Comparing 
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the wavefront errors of 12 subjects with their visual acuity, Smirnov (1961) 
anecdotally suggested that the measured wavefront errors did not necessarily lead to 
reduced visual acuity. Van den Brink (1962) compared his measurements of ocular 
monochromatic aberrations across 1 D of accommodation with the level of visual 
acuity of the same subject at the same accommodation levels. The results showed an 
apparent inversely proportional association, with minimal aberrations at about 0.4 D 
accommodation and maximal visual acuity occurring at approximately the same level 
of accommodation. 
Spherical aberration 
The influence of spherical aberration upon visual performance has been studied by 
various authors (van Heel 1946; Bauer 1980; Cox and Holden 1990; Collins, Brown, 
Atchison and Newman 1992) mostly using contact lenses to induce changes in the 
level of spherical aberration. The difficulty with these studies is that they have been 
performed without knowledge of the subjects' pre-existing level of spherical aberration 
or specific wavefront aberrations. As a consequence, it is difficult to clearly interpret 
the results since there is undoubtedly an interaction between the induced and pre-
existing aberrations. For example, + 1.00 D of induced LSA in an eye with pre-
existing -1.00 D of LSA (at the same ray height) would be expected to cancel (ie. 
spherical aberration is linearly additive and results in a total of zero spherical 
aberration). However if+ 1.00 D LSA were induced in an eye with a pre-existing 
+ 1.00 D of LSA, the total LSA would be +2.00 D. 
Post-surgical corneal shapes 
Radial keratotomy substantially alters the shape of the cornea and in most cases 
produces a flatter central cornea and a relatively normal peripheral shape ( eg. Rowsey, 
Balyeat, Monlux, Holladay, Waring, Lynn 1988; Hemenger, Tomlinson and Caroline 
1989; Applegate 1991b). One optical consequence of this change in corneal shape (ie. 
an oblate cornea) is more positive spherical aberration contributed by the anterior 
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corneal surface. Other factors that will probably contribute to visual outcomes in such 
cases are higher order aberrations and asymmetric aberrations resulting from changes 
in the tilt or centration of the corneal surface and the size of the treated zone, along 
with losses in corneal transparency. 
The visual consequences of photorefractive surgical techniques in terms of 
monochromatic aberrations are currently unknown. Ablation techniques which result 
in a spherical corneal shape should induce increased levels of positive spherical 
aberration across the diameter of the ablation zone. However ablation techniques to 
produce aspheric corneal shapes are becoming available. The potential optical 
consequences of poor centration of the ablation zone are now also being considered 
(eg. Pande and Hillman 1993). Such errors of alignment in the major refracting 
component of the eye may induce significant levels of asymmetric aberrations such as 
coma. Larger pupil sizes, such as those naturally occuring in low light levels, are likely 
to significantly exacerbate these visual problems. 
Coma and astigmatism 
The simulated effects of induced coma, astigmatism and spherical aberration on visual 
performance have been studied by Giles (1977) and Mouroulis and Zhang (1992). 
They found reasonable agreement between the predicted and measured visual 
performance. Burton and Haig (1984) and Haig and Burton (1987) found that for high 
contrast targets the 75% probability of correct identification occurred when simple 
defocus equalled 0.219 wavelengths (at the edge of the pupil), when spherical 
aberration equalled 0.206 wavelengths, when astigmatism equalled 0.303 wavelengths 
or when coma equalled 0.460 wavelengths. 
Summary 
In summary, the effects of monochromatic aberrations on visual performance are 
currently not well understood. The major difficulties with these studies relate to the 
1.41 
Chapter 1 
ability to accurately measure the existing monochomatic aberrations of the eye and 
then to accurately induce specific types and magnitudes of monochromatic aberrations 
while measures of visual performance are undertaken. 
Spherical aberration and optimal focus 
The predicted effects of spherical aberration and focus level on the MTF have been 
calculated by Black and Linfoot (1957), Goodbody (1958) and Charman and Tucker 
(1977). They have found that optimal focus should be closer to the paraxial focus for 
higher spatial frequencies and closer to the marginal focus for low spatial frequencies 
(Figure 1.14 ). 
Green and Campbell (1965) found evidence to support these predictions when they 
directly measured the optimal refraction with sine-wave gratings of varying spatial 
frequency. The optimal focus showed little variation as a function of spatial frequency 
for a 2 mm pupil; however for a 7 mm pupil the optimal refraction became 
progressively more negative for lower spatial frequencies. Given the positive spherical 
aberration of the eye tested, these results suggest that optimal focus of low spatial 
frequencies was shifted from the paraxial focus towards the marginal focus. Similar 
findings were also reported by Charman et al. (1978). 
In summary, the presence of spherical aberration will influence the optimal refraction 
for low spatial frequencies or complex targets comprised of multiple spatial 
frequencies ( eg. letters). This effect will be determined by the magnitude of the 
spherical aberration and therefore by the size of the pupil. 
Off -axis monochromatic aberrations and image quality of the eye 
The discussion of aberrations of the eye up to this point has concentrated on central 
(foveal) vision. However the monochromatic aberrations of the eye for off-axis 
objects are also substantial and significantly influence the peripheral retinal image 
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Figure 1.14: Variation in modulation transfer function (theoretical) for 
an eye with positive spherical aberration (one wavelength). The paraxial 
focus is at 0 D and the marginal focus at-0.54 D. Results for a 4 mm pupil, 
at the spatial frequencies (cycles/deg) indicated on the curves for a 
wavelength of 535 nm (from Charman and Tucker 1977). 
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quality. There have been numerous studies of the difference in sagittal and tangential 
refractions of the eye for off-axis objects. Along the horizontal meridian of the eye the 
amount of astigmatism is of the order of 4 to 5 D at a peripheral angle of 60 degrees 
(Ferree, Rand and Hardy 1931; Rempt, Hoogerheide and Hoogenboom 1971; Lotmar 
and Lotmar 1974; Millodot 1981). There are often substantial intersubject differences 
in both the magnitude and symmetry of the peripheral refractions. Smith, Millodot 
and McBrien (1988) have reported that at higher accommodation levels (>2 D) both 
oblique astigmatism and field curvature increased significantly at the larger 
measurement angles(> 40 degrees). 
Millodot and Lamont (1974) found little difference in oblique astigmatism when the 
aspheric corneal surface was replaced by a spherical contact lens surface and therefore 
concluded that the crystalline lens was the primary source of this aberration. Further 
evidence for this came from testing the oblique astigmatism of two young aphakic 
eyes, which showed less oblique astigmatism than age-matched controls (Millodot 
1984). Millodot also found substantial increases in the level of oblique astigmatism 
with age, which he attributed to changes in the curvature of the crystalline lens. 
However, models of the oblique astigmatism of the eye suggest that both the aspheric 
surfaces of the cornea and crystalline lens and the gradient refractive index of the 
crystalline lens should serve to reduce the total oblique astigmatism of the eye (Lotmar 
1971; Dunne and Barnes 1990; Campbell 1991). 
Across the central 80 degrees of the horizontal meridian, Jennings and Charman 
(1981) measured the LSF of both eyes of one subject. The derived OTF showed little 
variation across the central 25 degrees (around the optical axis), but as expected the 
optical quality deteriorated substantially in the periphery as a result of oblique 
astigmatism. Navarro, Artal and Williams (1993) derived ocular image quality across 
a 120 degree field using the double-pass aerial image of a point source of light and 
found substantially better MTF results at all retinal locations than did Jennings and 
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Charman (1981). However a recent reanalysis of the Navarro et al. (1993) technique 
has revealed a significant error which masked asymmetric aberrations and thereby 
caused them to overestimate image quality of the eye (Artal et al. 1995). 
In summary, the image quality of the eye for off-axis objects is substantially reduced 
as a result of oblique astigmatism and field curvature. Ocular characteristics such as 
the aspheric surfaces of the cornea and crystalline lens and the gradient refractive 
index of the crystalline lens probably help to minimize the effects of these off-axis 
monochromatic aberrations. 
THE ACCOMMODATION STIMULUS-RESPONSE 
When the eye focuses on a stationary stimulus there are a variety of factors which 
influence the accuracy of the accommodation response. These factors include the 
characteristics of the target, the viewing conditions, ocular and cognitive factors. Any 
study of the interaction between monochromatic aberrations and accommodation 
response must therefore take careful account of these contributing factors. 
Accommodation control 
The near response includes a complex synkinesis between accommodation, 
convergence and pupil miosis. Schor, Alexander, Cormack and Stevenson (1992) 
have proposed a theory of accommodation-convergence control based upon both 
spatiotopic cues (the perception of space) and retinotopic cues (retinal cues from blur 
and disparity). They suggest that spatiotopic cues guide the initial coarse oculomotor 
adjustments while the retinotopic cues complete the finer adjustments of the near 
response. 
The complex autonomic processes involved in accommodation allow the maintenance 
of an appropriate level of focus when viewing an object at a constant distance from 
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the eyes (steady-state accommodation) and also produce the appropriate change in 
focus to a new position in space (dynamic accommodation). The visual system 
provides feedback to control the accommodation response so that an acceptable level 
of focus is achieved for the object of interest. Feedback provides the accommodation 
control system with a comparison of the response input and output stimuli (Fender 
1964). A feedback system with an error signal which contains both magnitude and 
sign information is called an odd-error signal. An even-error signal is one with only 
magnitude information and no sign (direction) information. For example, simple 
defocus of the retinal image can only provide even-error feedback, since the direction 
of defocus is unknown. 
Steady-state accommodation 
The accommodation response to a given stimulus is influenced by a variety of factors 
including the characteristics of the target, the viewing conditions, ocular factors and 
cognitive factors. The accommodation stimulus-response relationship typically shows 
departure from the one-to-one slope (Figure 1.15) (Morgan 1944). For stimuli with 
low vergence the accommodation response shows a "lead" of accommodation (ie. the 
eye is relatively myopic). This lead magnitude diminishes to zero at an intermediate 
stimulus vergence (about 1 to 2 D), termed the "cross-over" point. At closer stimulus 
vergences the error in accommodation response again increases (ie. the eye is 
relatively hyperopic), termed a "lag" in accommodation. This lag asymptotes at the 
subject's maximum amplitude of accommodation. 
Spatial characteristics of the stimulus 
The effect of target spatial frequency on the stimulus-response relationship was 
investigated by Charman and Tucker (1977). The magnitude of the accommodative 
lag was greatest for lower spatial frequencies and the accuracy of the accommodative 
response was better for Snellen letters (containing a range of spatial frequencies) than 
it was for any specific spatial frequency. 
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Figure 1.15: Accommodation stimulus-response curve characteristics. Lead of 
accommodation is the amount by which acommodation response exceeds the 
stimulus and lag is the amount by which the response falls below the stimulus. 
The cross-over point is the point on the curve at which response equals the 
stimulus. The amplitude is the range of dioptric response and the gain is the 
slope of the curve in the linear region. 
1.47 
Chapter 1 
In the case of a sudden large step change in vergence when viewing a target with a 
broad range of spatial frequencies, Charman and Tucker (1977) suggested that the 
initial accommodation response must be guided by the suprathreshold low spatial 
frequency components of the target (since the high spatial frequencies are initially 
below threshold). The response is then guided by the high spatial frequency 
components of the target as the accommodation level approaches the final steady-state 
response. Charman and Heron (1979) found some support for this theory with the 
dynamic accommodation response to a step change in vergence becoming less 
accurate with higher spatial frequencies. Tucker and Charman (1987) further refined 
this theory by suggesting that during initial accommodation response to an out-of-
focus square wave object containing low spatial frequency components, the third 
harmonic of the low spatial frequency components could be utilised in the fine-tuning 
of the accommodative response. 
Owens (1980) measured accommodation response and contrast sensitivity for a range 
of sinusoidal grating frequencies. The results showed that the subjects' most accurate 
accommodation responses were obtained at intermediate spatial frequencies, 
corresponding to the peak of the subjects' contrast sensitivity. He interpreted these 
findings as supporting the theory that accommodation control was guided by contrast 
resolution. 
The results of Owens' (1980) experiment were in conflict with those previously 
reported by Charman and Tucker (1977) whose subjects showed a more accurate 
accommodation response as spatial frequency increased. Owens (1980) suggested 
that the discrepancy might be explained by the instructions given to the subjects. 
Charman and Tucker's (1977) subjects were instructed to maintain the "best possible" 
focus on the targets, while Owens ( 1980) subjects were instructed to view the targets 
"naturally, without straining". Owens (1980) suggested that Charman and Tucker's 
( 1977) subjects might therefore have displayed extra accommodative response as a 
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result of "voluntary effort" whereas his subjects displayed a relatively passive 
response. However Owens (1980) explanation did not address why such an effect 
should disproportionately influence the accommodative response to higher spatial 
frequencies. 
The accommodation responses to various combinations of sine-wave spatial 
frequency, contrast and vergence demand were measured by Bour (1981), who 
concluded that intermediate (4 c/deg) sine-wave spatial frequencies produced the most 
accurate accommodation response. This conclusion did not appear to be obvious from 
the presented data and it was not entirely clear from the methods employed if the rms 
deviation used to define accommodation accuracy also included gain errors related to 
the vergence demand of the stimulus. Bour ( 1981) also noted that a reference 
stimulus comprised of high contrast line drawings (comprised of complex spatial 
frequencies) resulted in more accurate accommodation responses than high contrast 
sine-wave stimuli alone. 
Since a square-wave grating can be constructed from the fundamental sine-wave and 
the sum of the odd-harmonic components, Ciuffreda, Dul and Fisher (1987) 
investigated the contribution of the odd-harmonics to accommodation response. The 
addition of the odd-harmonics significantly improved the accuracy of the response to 
low spatial frequency (0.5 and 1 c/deg) sine-wave fundamental gratings. 
Dul, Ciuffreda and Fisher (1988) extended this work by examining the 
accommodation response to various combinations of odd-harmonic sine-wave 
components. The accommodation response was most accurate for gratings composed 
of multiple odd-harmonics. Simple sine-wave frequencies alone and combinations of 
the fundamental and one odd-harmonic, produced less accurate accommodation 
responses. Dul, Ciuffreda and Fisher (1988) suggested that the accommodative 
response is most accurate for stimuli with sharp contrast gradients, therefore a square-
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wave grating should provide optimal accommodative response. 
Stimulus contrast 
Steady-state accommodation appears to be capable of responding at very low 
stimulus contrast levels, although the accuracy of the response is improved at higher 
contrasts (Bour 1981; Raymond, Lindblad and Leibowitz 1984; Tucker, Charman and 
Ward 1986). 
The accommodation responses to both an edge and sinusoidal gratings at a -5 D 
vergence were measured as a function of target contrast by Ward ( 1987). The 
subjects' accommodation responses were accurate until a level of contrast was reached 
(referred to as the accommodation response contrast threshold), below which the 
response became inaccurate. For the edge target this threshold occurred in the range 
from about 1 to 20%, while for the sinusoidal gratings the threshold ranged from 
about 1 to 15% with the mid-spatial frequency (5 c/deg) showing the lowest 
thresholds. 
The effect of instruction set and mental activity 
The effect of concurrent mental activity on steady-state accommodation was 
examined by Malmstrom, Randle, Bendix and Weber (1980). In two related 
experiments, mental activity caused the accommodation response to a near stimulus 
to be significantly shifted toward the far point, while response to a far stimulus was 
unaffected. On the other hand, Winn, Gilmartin, Mortimer and Edwards (1991) 
found only a limited effect of mental activity on the closed-loop accommodation 
response. 
Ciuffreda and Hokoda ( 1985) measured the accommodation response of one subject 
to a range of high contrast spatial frequencies, with the subject instruction "to relax" 
while viewing the grating and again when instructed to "try very hard to keep the 
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grating at the maximal contrast level". They found substantial differences in the 
accommodation response as a function of the instruction given. 
The effect on accommodation response of various types of subject instruction was 
studied by Stark and Atchison (1994). They found that the instructions" ... carefully 
focus ... " and " .. .look at the words naturally ... " gave similar response results and 
showed little difference from the baseline response values derived with the instruction 
" ... pick a word .. and look at it...". The group of subjects instructed to " ... make no 
special effort to focus ... " showed highly variable response patterns. 
To control the potential influence of cognitive factors in studies of steady-state 
accommodation it is appropriate to standardise the instructions given to subjects in 
terms of attention to the task and the focusing strategy. 
Visual acuity and the stimulus-response 
Heath (1956) measured the effects of defocus on the accommodative response by 
having subjects view Snellen letters through various levels of defocus and grades of 
diffusing media. As visual acuity diminished, the slope of the accommodation 
response/stimulus curve progressively decreased until it was close to zero (flat) for 
the lowest acuity condition. While the slope decreased under the influence of visual 
acuity the intersection of the response/stimulus curve and the one-to-one line (cross-
over point) showed little variation. The effect of increasing the defocus of the Snellen 
letter stimuli (comprised of a range of spatial frequency components) was to reduce 
their high spatial frequency content and contrast. 
Charman ( 1986) conducted an analysis of the relationship between the slope of the 
response/stimulus curve (in the central linear region) and the minimum angle of 
resolution of the stimulus, based upon the data from a wide variety of previous 
studies. There is an approximately linear relationship between response/stimulus 
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slope and minimum angle of resolution. 
Effects of blur on accommodation control 
In an eye which is free from aberrations, an equivalent level of over- or under-
accommodation produces the same level of blur in the retinal image. Therefore in this 
circumstance target blur in itself would constitute an even-error signal, since the 
direction of accommodation change is unknown. 
The error which exists in the steady-state accommodation response (ie. lead and lag) 
is considered by Toates (1970, 1972) to be indicative of a negative-feedback 
proportional control system. Such a feedback mechanism would use retinal blur to 
initiate an accommodation response in an attempt to minimise the blur. However the 
blur is never completely eliminated because the feedback mechanism requires some 
residual blur (ie. negative feedback) to maintain the steady-state accommodation 
response. 
The ability of blur alone to stimulate an accurate accommodation response to stepped 
changes of stimulus vergence is a matter of contention. Stark and Takahashi (1965) 
found about 50% of the initial accommodation responses were in the wrong direction. 
However Troelstra, Zuber, Miller and Stark (1964) found that for 2 out of 3 subjects 
the initial accommodation response to a step change in target vergence was correct 
every time. Smithline (1974) found 75% correct initial responses. The difficulty in 
controlling for various confounding factors such as magnification effects may account 
for these contradictory findings. 
Convergence, pupil response and binocular accommodation 
There is a well established synkinesis between accommodation, convergence and 
pupil size. As the level of convergence increases there is a concurrent increase in 
accommodation and decrease in pupil size ( eg. Knoll 1949; Alpern, Mason and 
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Jardinico 1961 ). Near miosis significantly increases the depth of focus of the eye 
(Figure 1.7). 
Changes in vergence act as a stimulus to accommodation. This interaction between 
vergence and accommodation is defined by the CAJC (ie. accommodation induced by 
a unit change in convergence) ratio. Kent (1958) has demonstrated that convergence 
acts as a stimulus to accommodation, the effectiveness of this stimulus decreasing in 
parallel with accommodative amplitude. The accommodation response in each eye 
during normal binocular viewing conditions is consensual, with relatively small 
differences in response between eyes (eg. Stoddard and Morgan 1942; Ball 1952; 
Kersten and Legge 1983). 
The influence of luminance 
In a study of the effects of luminance on accommodation response, Johnson (1976) 
found that the stimulus-response slope pivoted around a "fulcrum" so that for low 
luminance levels (0.051 cdfm2) the stimulus-response slope was nearly horizontal (ie. 
little change in response). The dioptric level of the "fulcrum" position was in the range 
from 1.0 to 2.25 D. 
The influence of pupil size 
Hennessy, Ida, Shiina and Leibowitz (1976) measured the steady-state stimulus-
response relationship of subjects over a range of pupil sizes. They found that as pupil 
size diminished, the accommodation response error increased in magnitude, with the 
fitted curve pivoting about an intermediate accommodation level. Similar results were 
reported by Ward and Charman (1985), who also found a flattening of the stimulus-
response curve as pupil size was reduced from 3 to 1 mm (pivoting about an 
intermediate accommodation level). 
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Changing size as a stimulus 
The changing size of a stimulus (also called looming) can stimulate an 
accommodation and convergence response (Ittelson and Ames 1950). Kruger and 
Pola ( 1985) attempted to isolate changing size as the sole stimulus to accommodation 
by conducting their experiment under open-loop conditions in monochromatic light. 
In these conditions they report that changing size alone was a significant stimulus to 
accommodation and also that the accommodative response to blur alone was 
improved by the addition of size changes. Similar findings were reported by McLin, 
Schor and Kruger (1988). 
Chromatic aberration as feedback 
The normal longitudinal chromatic aberration of the human eye (about 2 D) has the 
potential to provide the accommodation system with an odd-error feedback signal. 
When the visual stimulus is comprised of a broadband spectrum of light, the stimulus 
can have a red fringe when the eye is under-accommodated and will have a bluish 
fringe when the eye is over-accommodated, although these fringes are not usually 
perceptible. The visual information derived from the colour of the fringes can 
theoretically provide the accommodation system with feedback regarding the direction 
of defocus and some limited information regarding the magnitude of the defocus. 
Evidence for the contribution of chromatic aberration to the accommodation response 
has come from a number of studies. Fincham (1951) studied the accommodation 
responses of 55 subjects in white light, monochromatic light and using an 
achromatising lens. Of the 55 subjects, who all showed accurate accommodation 
responses in white light, 33 showed impaired accommodation response when 
chromatic cues were absent. Further evidence for the role of chromatic aberration has 
come from Kruger and Pola (1986), Stone, Matthews and Kruger (1993) and Kruger, 
Matthews, Aggarwala and Sanchez (1993). 
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However, not all experimental evidence suggests that chromatic aberration is an 
important cue for accommodative response. Campbell and Westheimer (1959) found 
that one of the four subjects they tested showed inaccurate accommodation responses 
when deprived of chromatic cues, but this subjects' accommodation response 
improved with practice, presumably as a result of utilising other cues. Charman and 
Tucker (1978) similarly found that with training, subjects can make equally accurate 
accommodation responses in monochromatic and white light. 
Wolfe and Owens ( 1981) presented subjects with a bipartite (red-green) field which 
varied in contrast from 0% (isoluminant) up to 100%. The accommodation response 
was significantly reduced in the isoluminant condition and improved with increasing 
contrast. Confirmation of these results came from a study by Switkes, Bradley and 
Schor (1990), who measured accommodation response to sinusoidal gratings (1.75 
c/deg) which were both colour-modulated and luminance-modulated. Isoluminant 
colour-modulated gratings failed to elicit a significant accommodation response. 
The effect of both longitudinal and transverse chromatic aberration on the 
accommodation stimulus - response relationship was investigated by Bobier, 
Campbell and Hinch (1992). Neither the magnitude, nor direction of the longitudinal 
or transverse chromatic aberrations affected accommodation response. 
While many studies have addressed the contribution of chromatic aberrations to the 
accommodation response, their relative importance remains unresolved. It may be 
that chromatic aberration is only one of many cues used in the control of the 
accommodation response and its importance may vary between individuals. 
Monochromatic aberrations and accommodation 
Monochromatic aberrations of the eye are known to vary between individuals and as a 
function of accommodation level. Since accommodation induces changes in the 
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monochromatic aberrations of the eye, these aberrations have the potential to convey 
directional information to the accommodation control system. 
Monochromatic aberrations might provide feedback for the maintenance of steady-
state accommodation or provide cues for a directional change of accommodation to 
step changes in stimulus vergence. Subtle changes occur in image quality as 
accommodation level changes. For example, some degree of change in coma and 
spherical aberration has been reported during accommodation for the subjects studied 
by Campbell et al. (1990) and Atchison et al. (1995). 
During accommodation the changes in monochromatic aberrations are probably 
reduced by accommodative miosis and the Stiles-Crawford effect. The Stiles-
Crawford effect reduces the contribution of peripheral rays entering the pupil and 
therefore minimises the influence of monochromatic aberrations on retinal image 
quality. The reduction in pupil size which accompanies higher accommodation levels 
also acts to reduce the contribution of peripheral rays to the retinal image. 
In discussing the factors contributing to the lead of steady-state accommodation for 
distant stimuli, Morgan ( 1944) noted the possible influence of positive spherical 
aberration. He suggested that the spherical aberration might increase the depth of 
focus of the eye by up to ±0.75 D, so that distant stimuli can be seen without an 
accommodation response that exactly matches the stimulus vergence. However more 
recent measures of the spherical aberration of the eye would suggest that ±0.75 Dis a 
significant over-estimation for normal pupil sizes. 
Charman and Heron (1979) pointed out that monochromatic aberrations can create an 
asymmetry in the modulation transfer function as a function of defocus on either side 
of the optimal focus. If the accommodation response was to derive directional 
information from spatial frequency modulation, then this asymmetry could be utilised 
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in the feedback loop. 
Campbell and Westheimer (1959) measured accommodation responses to step-
changes in vergence in the presence of monochromatic light and annular pupils. The 
annular pupils had an outer diameter of 4 mm and an inner diameter of 2 mm and 
were designed to limit the monochromatic aberration cues present to the subject. 
Responses were consistently poor under these conditions where both chromatic and 
monochromatic aberrations were eliminated. They then added a 1 D cylinder lens and 
found a significant improvement in the accuracy of response. They attribute this 
improvement to the cues provided by the asymmetry in defocus resulting from the 
direction of the accommodation response. 
In summary, there appears to be a variety of possible mechanisms through which the 
monochromatic aberrations of the eye could influence the accommodation response. 
However there is little direct evidence of the magnitude or significance of this 
interaction. 
The influence of refractive error and age 
A number of studies have shown that corrected myopic subjects tend to 
accommodate less to near targets than do emmetropic subjects (McBrien and 
Millodot 1986; Gwiazda, Thorn, Bauer and Held 1993). McBrien and Millodot 
(1986) also found that corrected hyperopes accommodated more than emmetropes to 
near targets. McBrien and Millodot (1986) hypothesised that these findings could 
result from a relatively weak sympathetic and strong parasympathetic accommodative 
input in myopes and the reverse in hyperopes, consistent with Charman's (1982) 
explanation of differences in tonic accommodation between refractive error groups. 
Ramsdale and Charman ( 1989) reported the stimulus-response data of one subject 
over a 10 year period entering presbyopia. The stimulus-response curves of the 
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subject show a flatter stimulus-response slope with increasing age and not just a 
simple increase in the magnitude of the lag for near stimuli. It was suggested that this 
slope change might reflect a reduced accommodation demand associated with 
increased depth of focus resulting from senile miosis. 
Peripheral stimulus to accommodation 
The contribution of peripheral stimuli to the accommodation response are not well 
defined. Hennessy and Leibowitz (1971) found that accommodation response to a 
near stimulus was influenced by the more distant surround. The relative contribution 
of the fovea and near periphery (up to 5 deg) was studied by Ciuffreda, McBrien and 
Fisher (1989). They concluded that the overall accommodation response resulted 
from the summation of central and peripheral inputs, with the central retina providing 
the greatest influence. 
Stimulus-response and visual resolution 
The influence of the accommodation stimulus-response relationship upon visual 
resolution was studied by Johnson (1976). When no account is made for lead and lag 
errors of accommodation, the results show a maximal visual resolution at 
intermediate stimulus distances, corresponding to the levels of accommodation with 
the least response error. These intermediate stimulus distances also showed some 
correlation with the subjects' tonic accommodation levels (measured in darkness) and 
the stimulus-response curve cross-over points. Johnson (1976) then tested the 
hypothesis that the errors in accommodation caused the diminished visual resolution, 
by repeating the measurement of steady-state visual resolution with the 
accommodation errors "corrected". The results showed that visual resolution was 
now unaffected by accommodation level (across the relatively narrow range of 
accommodation response levels tested). 
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The normal microfluctuations associated with steady-state accommodation response 
are discussed in the following section. There are widely held views that aspects of 
accommodation microfluctuations can change characteristics as the stimulus 
conditions are varied in certain ways. Such findings are cited as evidence for an active 
role for microfluctuations in steady-state accommodation control. 
Characteristics of microfluctuations of steady-state accommodation 
Microfluctuations occur in the accommodation response during steady-state viewing 
conditions. Collins (1937) first described microfluctuations of accommodation in 
some of the subjects examined with his infrared optometer: "thus accommodation is 
constantly varying by a small amount .... equal to about 0.5 D plus or minus from the 
position of focus, occurs about once per second or even faster ... ". 
The microfluctuations of steady-state accommodation are typically less than 0.5 D in 
magnitude (peak-to-peak) and occur at frequencies less than 2 Hz. The temporal 
frequencies of the microfluctuations have been further classified into high (1 to 2 Hz, 
HFC) and low (<0.6 Hz, LFC) frequency components (Charman and Heron 1988; 
Winn and Gilmartin 1992). 
Campbell (1960) simultaneously measured the accommodation response from both 
eyes of the one subject over a period of 30 sec. The accommodation records appeared 
to have similar fluctuation characteristics, although no analysis of signal coherence 
was undertaken. Anecdotal mention of the similarity in microfluctuations between the 
right and left eyes of a subject has been made by Heron and Winn (1989) and Winn, 
Heron, Pugh and Eadie (1986), who used a binocular infrared optometer. 
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The association with cardiopulmonary rhythms 
A significant correlation between high frequency microfluctuations and arterial pulse 
was first demonstrated by Winn, Pugh, Gilmartin, Owens (1990). There was a highly 
significant positive correlation between arterial pulse frequency and the high frequency 
component of the steady-state accommodation response. This relationship was 
maintained during the recovery phase of exercise-induced increases in pulse rate for 
three subjects. Winn et al. ( 1990) found that the high frequency component of the 
microfluctuations was absent in the aphakic eye of a unilateral aphak:e, but present in 
the phakic eye. 
The results of Winn et al. (1990), later confirmed by Owens, Winn, Gilmartin and 
Pugh (1991) and Collins, Davis and Wood (1995b) have important implications for 
the interpretation of previous studies of microfluctuations. If the HFC of 
microfluctuations are the result of arterial pulse, then it is highly unlikely that stimulus 
conditions will influence the temporal characteristics of the high frequency 
fluctuations. 
The relationship between variations in steady-state accommodation 
(microfluctuations) and rhythmic cycles in cardiopulmonary system was further 
investigated by Collins et al. (1995b). Respiration rate and an associated cycle in the 
instantaneous pulse rate (ie. variation in heart rate over time) showed a correlation 
with a low frequency component of the accommodation power spectra. This apparent 
coherence between respiration frequency and an accommodation low frequency 
component was maintained during rapid breathing and was evident at the expected 
frequency during regulated breathing patterns. Collins et al. (1995b) concluded that 
this association may reflect the direct influence of the autonomic nervous system upon 
the ciliary muscle or may be caused by the modulation of intraocular pulse by the 
autonomic nervous system. 
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The effect of target vergence 
Studies which have considered the effect of accommodation level on the 
characteristics of steady-state accommodation microfluctuations have variously 
shown: increasing microfluctuation amplitude with increasing accommodation level 
(Denieul 1982; Kotulak and Schor 1986a), minimal microfluctuation amplitude at 
intermediate accommodation levels (Bour 1981) or maximal microfluctuation 
amplitude at intermediate accommodation levels (Miege and Denieul 1988). 
A significant methodological issue in studies of this type is the calibration and 
sensitivity of the optometer over the range of accommodation tested. However none 
of these studies mentions how this issue was addressed and it is therefore difficult to 
interpret the differences in results between studies. 
The effect of pupil size (depth of focus) 
Since changes in pupil size directly influence the depth of focus of the eye, their 
potential influence on the characteristics of steady-state accommodation 
microfluctuations has been of considerable interest. Campbell, Robson and 
Westheimer ( 1959) first reported that the high frequency component of the 
microfluctuations (at about 2 Hz) was absent when a subject viewed a target through a 
1 mm pupil but was present with a 7 mm pupil. 
The work of Winn et al. ( 1990) linking the HFC of steady-state accommodation 
microfluctuations to arterial pulse is difficult to reconcile with the findings of 
Campbell et al. ( 1959). Smaller pupil sizes, while altering the depth of focus of the 
eye, should not affect the HFC of the microfluctuations if they are primarily caused by 
arterial pulse. The results of Campbell et al. (1959) suggesting the opposite trend 
should be viewed with some caution given that only one subject was tested. 
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Both Charman and Heron (1988) and Winn and Gilmartin (1992) have commented 
that the data presented by Campbell et al. (1959) show an increased LFC amplitude in 
the 1 mm pupil condition compared with the 7 mm pupil condition. However this 
feature of the data was not addressed by Campbell et al. (1959). An earlier brief report 
by Campbell, Westheimer and Robson (1958) suggested anecdotally that reducing 
pupil size does not influence HFCs of the accommodation microfluctuations but does 
cause the LFCs to increase in amplitude. 
Ward and Charman (1985) theoretically analysed the relationship between 
accommodative error and factors influencing the retinal image characteristics 
including depth of focus, blur circle diameter, spatial frequency, contrast modulation 
resulting from steady-state microfluctuations, diffraction effects and monochromatic 
aberrations. They argued that if steady-state microfluctuations are under active control, 
to produce a constant change in modulation transfer, larger fluctuations in 
accommodation would be required with smaller pupils. 
In a recent study, Gray, Winn and Gilmartin (1993a) measured steady-state 
accommodation microfluctuations for three young subjects while artificial pupil size 
was varied from 0.5 mm to 5 mm. They found that the power of the HFCs were 
largely unaffected by variations in pupil size, while the power of the LFCs were 
higher for pupil diameters less than 2 mm and relatively constant for pupil diameters 
greater than 2 mm. These findings were interpreted as evidence for the possible role 
of LFCs in the control of steady-state accommodation and are consistent with the 
hypothesis proposed by Ward and Charman (1985). 
The influence of luminance, target contrast and spatial characteristics 
The steady-state accommodation response has been shown to be less stable at low 
luminance levels (Alpern 1958). This greater instability has been shown to occur 
predominantly at low temporal frequencies (Charman and Heron 1988; Gray, Winn 
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and Gilmartin 1993b). Gray et al. (1993b) note that the HFC of the microfluctuations 
were unaffected by changes in target luminance, as would be expected if they are 
linked with arterial pulse. 
The influence of target contrast and spatial frequency characteristics on steady-state 
accommodation microfluctuations are not well defined. Bour ( 1981) investigated the 
effects of target contrast and spatial frequency on steady-state accommodation 
microfluctuations, derived from a series of stepped-vergence presentations. Therms 
deviations were reported to show a minimum for intermediate spatial frequencies and 
2 D to 3 D accommodation levels. However the trends in the results were not strong 
and the rms values appear to include gain errors in the response (ie. the rms is relative 
to the stimulus, not the response). 
Gray and Winn (1994) report that therms magnitude of steady-state accommodation 
microfluctuations was significantly increased when the spatial frequency content of 
the stimulus was restricted to less than 10 cycles/deg. They also note that changes in 
stimulus contrast (range unspecified) did not elicit changes in microfluctuation 
characteristics. 
Microfluctuations in tonic accommodation 
One of the difficulties in accurately measuring microfluctuations of accommodation 
during open-loop conditions is that by their nature, the stimulus-free conditions for 
accommodation make it difficult for the subject to maintain steady fixation. The 
accommodation results from most optometers are sensitive to eye movements and it 
is not always clear from the study methodology, if or how this factor has been 
addressed. Various studies of TA stability containing little information about fixation 
control have reported slow cyclic changes in accommodation (Westheimer 1957; 
Campbell et al. 1958; Smith 1983; Johnson, Post and Tsuetaki 1984; Kothe, Lovasik 
and Campbell 1987). 
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In a well controlled study, Jiang, Morse and White (1991) used an SRI eye-tracker 
and infrared optometer to simultaneously measure fluctuations present in both eyes' 
accommodation and vergence response in total darkness. By using cross-correlations 
on data from both accommodation and vergence signals, they reported common 
frequencies in the range from 0.125 to 0.5 Hz. Likewise for the accommodation 
signals from each eye, they noted common frequencies in the same 0.125 to 0.5 Hz 
range. 
The effect of timolol on microfluctuations 
The influence of pharmacological agents on the steady-state accommodation 
microfluctuations has provided some information about their potential underlying 
mechanisms. Timolol maleate is a beta-adrenergic receptor antagonist, commonly 
used in the treatment of glaucoma, which has an ocular hypotensive effect and is also 
known to reduce the magnitude of the intraocular pulse. Owens et al. ( 1991) and 
Strang, Winn, Gilmartin and Brosnahan (1994) have found significant reductions in 
both the LFC and HFC rms magnitude associated with timolol use which is probably 
related to the drugs' hypotensive effect on intraocular pressure or pulse. 
The potential role of microfluctuations in accommodation 
Theoretical roles have been proposed for microfluctuations which relate to the ability 
of these oscillations in dioptric power to provide the visual system with information 
including the magnitude and direction of the optimal accommodative response under 
either steady-state or dynamic conditions. Charman and Heron (1988) have suggested 
three possible roles for accommodation microfluctuations: 
( 1) a component of the accommodation control system with the ability to 
change character to optimise performance of the system, 
(2) fluctuations in lens power which are not influenced by the accommodation 
system but could be utilised by the system, 
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(3) fluctuations in lens power which are not influenced by the accommodation 
system and are not utilised by the system. 
Stark and Takahashi (1965) ruled out a possible role for accommodation 
microfluctuations in accommodation control after finding that in conditions where 
blur was the only available cue to direction change, the initial accommodation 
response was in error 50% of the time. If microfluctuations were involved in 
providing the accommodation system with odd-error signal feedback, they argued that 
these cues should still have been present in their experiment. While such a result rules 
out the role of microfluctuations in dynamic accommodation control, 
microfluctuations might still play a role in the maintenance of steady-state 
accommodation. 
Alpern (1958) suggested that in steady-state accommodation, microfluctuations could 
provide feedback for accommodation control through modulation of the retinal image 
contrast and could also provide directional cues during step changes in 
accommodation through this modulation. Kotulak and Schor ( 1986c) have proposed a 
model of accommodation response to changes in stimulus vergence based upon 
feedback derived from HFCs of accommodation microfluctuations. In this theory, the 
microfluctuations could provide an odd-error feedback through their time varying 
effects on retinal image contrast and crystalline lens power, similar to the theory 
proposed by Alpern (1958). The accommodation control system must then be able to 
compare the derivatives (ie. rate of change) of both image contrast and lens power to 
derive both the direction and magnitude of the required accommodation response. 
One of the consequences of the theories proposed by Alpern (1958) and Kotulak and 
Schor ( 1986c) is that stimulus conditions which induce a larger depth of focus of the 
eye could produce larger magnitude HFCs. The recent evidence from Winn et al. 
(1990), Owens et al. (1991) and Collins et al. (1995b) linking the RFC with arterial 
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pulse suggests that the HFC should not actively change characteristics dependent upon 
the stimulus conditions. This does not rule out the possibility that the HFC could 
passively contribute to steady-state accommodation control. 
If LFCs contribute to steady-state accommodation control, they might be predicted to 
increase in amplitude in degraded stimulus conditions and when the depth of focus of 
the eye is increased. As previously discussed, LFCs of the microfluctuations have 
been reported to vary as a function of some stimulus conditions. Campbell et al. 
(1958) have noted that reducing pupil size causes the LFCs to increase in amplitude. 
Charman and Heron (1988) and Gray et al. (1993b) have found that LFCs increase in 
magnitude in low luminance conditions. Recent studies by Owens, Bhat and Jacobs 
(1994) and Gray and Winn (1994) have reported increased LFC amplitudes for 
decreased pupil sizes and low spatial frequency stimuli (respectively). It is possible 
that the LFCs may therefore contribute to the steady-state accommodation control 
system as suggested by various authors (Charman and Heron 1988; Gray et al. 
1993b; Owens et al. 1994). 
In summary, it appears unlikely that the HFC of steady-state microfluctuations alter 
their magnitude in response to changing stimulus conditions. On the other hand, the 
LFC of the steady-state response do show evidence of changes in magnitude in 
response to variations in stimulus characteristics. Such findings suggest that the LFC 
of the steady-state response could be actively involved in accommodation control. 
However the slow time course of the low frequency cycles casts some doubt upon 
their relative importance to steady-state accommodation control and it might be that 
they have only an ancillary function. 
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RATIONALE 
Retinal image quality is influenced by the monochromatic aberrations which exist in 
the eye and these aberrations are known to change with accommodation level. 
However there is a lack of knowledge about how these aberrations influence the 
magnitude and temporal characteristics of the steady-state accommodation response 
and what magnitude and type of aberrations are necessary to induce such changes. As 
accommodation level varies, the monochromatic aberrations of the eye alter but little 
is known about the similarity in aberrations in both eyes of the same person as 
accommodation varies. These issues were addressed in the following series of 
experiments, described in the following chapters, where various interactions between 
steady-state accommodation and monochromatic aberrations of the eye have been 
investigated. 
The influence of accommodation level on the nature and magnitude of 
monochromatic aberrations was studied using the aberroscope technique (Chapter 3). 
The aberrations were measured in single dioptre steps of accommodation up to the 
subject's maximum amplitude of accommodation (ie. maximum under the test 
conditions) and were recorded from both eyes of eleven subjects. This approach 
provided a detailed set of measurements of the influence of accommodation on the 
monochromatic aberrations ranging up to accommodation levels of 6 D in some 
subjects, which substantially extends the accommodation range of previous studies. 
There is only limited experimental data on the similarity of monochromatic 
aberrations between eyes. Therefore by measuring the monochromatic aberrations in 
both eyes of all subjects across the full range of accommodation, this study also 
provided extensive data on the correlation between monochromatic aberrations in 
fellow eyes of individuals. 
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Substantial changes occurred in the monochromatic aberrations of the eyes of most of 
the eleven subjects tested in the first experiment. To eliminate one possible cause of 
these changes in aberrations, the anterior corneal topography was measured up to an 
8.5 mm corneal diameter using a videokeratoscope for a group of ten subjects. 
Previous studies of accommodation and corneal topography have been limited to 
more central corneal zones and smaller ranges of accommodation. By using a modem 
videokeratoscope based upon the rasterphotogrammetry principle, the accuracy of the 
measurement of corneal topography in this study should have been substantially better 
than previous studies based on data from keratometers and early photokeratoscopes. 
The subsequent experiments in Chapter 4 detail investigations of the influence of 
monochromatic aberrations on the accommodation response using an optometer 
(Canon Autoref R-1). However prior to conducting these experiments it was 
considered important to investigate the measurement zone used by the Autoref R-1. 
Since the monochromatic aberrations of the eye had been shown to vary substantially 
with accommodation level, the region of the pupil used by the Autoref R-1 should 
theoretically determine the refractive error result given by the instrument. 
Since monochromatic aberrations alter the focus of the eye, their potential influence on 
the normal lead and lag of accommodation was considered to be worthy of 
investigation. It appears that no previous studies of this potential association have been 
attempted. Five of the subjects whose monochromatic aberrations had been measured 
with the aberroscope were used to study the potential influence of their eyes' existing 
aberrations on their accommodation response. Stimulus-response relationships were 
measured and then analysed to investigate if the eyes' existing aberrations appeared to 
influence the magnitude of the accommodation response. Since the monochromatic 
aberrations of the eye are typically small in magnitude, any influence was expected to 
be subtle. 
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To further investigate the influence of monochromatic aberrations on accommodation 
response, rigid contact lenses were used to induce varying levels of longitudinal 
spherical aberration. Various rigid and soft contact lenses also induce high levels of 
spherical aberration (positive and negative LSA) as a method of presbyopia correction 
and therefore the potential influence of this aberration on a person's remaining 
accommodation amplitude was also of interest. The accommodation response was 
studied for three subjects whose ocular aberrations had been previously measured. 
Again using rigid contact lenses to induce various levels of spherical aberration, the 
influence of spherical aberration on accommodation microfluctuations was studied. A 
variety of stimulus conditions has been reported to influence the high and/or low 
frequency components of steady-state accommodation response. Spherical aberration 
might therefore be predicted to affect the microfluctuations through its influence on 
the depth of focus of the eye, as reported previously for changing pupil size. An 
important and potentially confounding variable in the study of microfluctuations is the 
effect of the cardiopulmonary system. Through careful simultaneous measurement of 
the influence of pulse and respiration on the microfluctuations, it was possible to 
isolate the influence of varying levels of longitudinal spherical aberration on the 
characteristics of the microfluctuations in two subjects. 
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CHAPTER 2 
METHODS 
INTRODUCTION 
The following methods and techniques were used in the experiments described in this 
thesis. A number of these methods have been previously published and these papers 
are included in Appendix 1. 
2.1 MONOCHROMATIC ABERRATIONS 
ABERROSCOPE DESIGN 
Introduction 
The aberroscope technique used in the following studies for the measurement of 
monochromatic aberrations of the eye was based on the methods originally developed 
by Howland and Howland (1976, 1977) and later modified by Walsh et al. (1984). 
Much of the detail of this aberroscope system has previously been described in 
Atchison et al. (1995) and Collins et al. (1995a) (Appendix 1). 
The aberroscope analysis software used in this study was originally supplied by 
Howard Howland, Cornell University, USA. A number of modifications have 
subsequently been made to the software, but the underlying calculation of the 
wavefront polynomial remains unchanged. 
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The aberroscope method relies on the projection of an evenly spaced grid pattern into 
the eye. After passing through the optics of the eye, distortions arise in this pattern 
which are related to the monochromatic aberrations of the eye. 
The aberroscope is constructed of an opaque background with a geometric pattern of 
clear, thin lines (Figure 2.1). The Howland aberroscope technique requires the 
aberroscope grid to be sandwiched between +5 D and-5 D cylinders (flat backed) 
which are orthogonally oriented and at 45° and 135° with respect to the eye (Figure 
2.2). In an eye with perfect optics, this arrangement of the aberroscope causes the 
shadow of the grid to be imaged as a square (undistorted) geometric pattern in the 
plane of the circle of least confusion of the eye and crossed-cylinder combination 
(Figure 2.3). If the source is at infinity, the circle of least confusion lies at the retina of 
a 0.75 D hyperopic eye and if the eye is accommodating or suffers any other degree 
of ametropia, it is necessary to use ancillary correcting lenses. Aberrations in the 
optics of the eye cause predictable distortions in the geometric pattern forming the 
shadow of the aberroscope grid at the retina (Howland 1968; Howland and Howland 
1976, 1977). 
Because of the differential magnification effects of the +5 D and -5 D cylinder lenses 
in the aberroscope, the grid must be pre-distorted to achieve a square grid shadow in 
the plane of the entrance pupil of the eye. A detailed discussion of the calculation of 
this pre-distortion is given in Atchison et al. (1995). The distance between the 
aberroscope grid and the entrance pupil of the tested eye is approximately 30 mm. 
Grid design modifications 
The original Howland aberroscope grid design was slightly modified by reducing the 
grid spacing from the original 1.25 mm line spacing (Howland and Howland 1976, 
1977) to 0.96 mm (centre to centre) with a line width of 0.14 mm (Figure 2.1). 
Reducing the spacing increases the number of intersection points passing through the 
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Figure 2.1: Aberroscope grid. The grid is pre-distorted to account 
for the differential magnification effects of the +5 D and -5 D cylinders 
along orthogonal meridians in the aberroscope system. Line spacing was 
0.96 mm (centre to centre). 
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Figure 2.2: Schematic view of the aberroscope technique during accommodation 
measurement (1) and aberroscope photography (2) of the right eye (from Atchison 
et al. 1995). 
2.4 
Aberroscope 
-ve cyl axis 
\ T 
L 
I 
B 
Circle of 
least confusion 
t t t 
Chapter 2 
~·(I 
Cross sections through the astigmatic bundle. 
Figure 2.3: The formation of the image of the aberroscope grid at the circle of least confusion 
(T' L' B' R') which should coincide with the retina. The grid undergoes rotation and inversion 
as a result of the orthogonal positive and negative cylinders indicated 0N alsh and Charman 
1985). The result of simple focus errors can be seen in the cross sections through the 
astigmatic bundle (Howland 1968). 
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entrance pupil of the eye. As a general principle, the more points used in the analysis 
of the grid pattern, the more accurate the wavefront polynomial fitted to the 
intersection points. However the minimum line spacing and line diameter are limited 
by diffraction. 
Beam Path 
The light source for the aberroscope was a Spectra PhysicsTM 0.95 mW Class II 
helium-neon (HeNe) laser (632.8 nm). The beam was passed through a -8 D lens to 
diverge the light and then through an ND filter and correcting lens before reaching the 
aberroscope (a beam path of approximately 120 cm). 
During aberroscope photography the retinal camera needed to be frequently realigned 
to maintain accurate focus and alignment with the retina (Figure 2.4). Therefore the 
laser illumination system was mounted on the adjustable retinal camera table and 
mirrors were used to give a fixed beam path with respect to the aberroscope (Figure 
2.5). In this way, both the retinal camera and laser illumination system moved 
together. 
A high transmission and low reflectance beam splitter was used to ensure that a high 
percentage of reflected retinal light reached the retinal camera. The advantage of this 
beam splitter design was that irradiance to the subjects' eyes was kept to a minimum 
and pupil sizes were increased during aberroscope photography. The beam splitter in 
the aberroscope system was therefore chosen to give 70% transmission and 30% 
reflection, for the wavelength of interest (633 nm). 
EYE SAFETY WITH THE ABERROSCOPE 
The information derived from the aberroscope images is improved when the subject's 
pupil is large. For this reason, the mydriatic phenylephrine was used whenever 
aberroscope photographs were taken. The power of the light source used in the 
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Figure 2.4: Aberroscope grid imaged on the retina at the fovea. The exposure 
and field of view are optimized for the retinal detail. 
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Figure 2.5: Laser beam path and retinal camera mounted on common table. 
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aberroscope system therefore needs to fulfil the following criteria: 
1. not be so bright as to pose a potential safety risk to the subject, 
2. induce as little pupil constriction as possible, 
3. be bright enough that the exposure time for the retinal camera is as short as 
possible to minimise blurring of the image resulting from eye movements. 
The amount of light reaching the subjects' retina during aberroscope photography is 
determined by factors including: 
1. laser beam intensity, 
2. line width and spacing in the aberroscope grid, 
3. attenuating filters and lenses within the beam path, 
4. beam splitter characteristics, 
5. vergence of the beam, 
6. ocular factors such as media transmittance, refractive error, and pupil size, 
7. duration of exposure to the beam. 
The safety limits for exposure to the aberroscope beam were calculated based upon 
the Australian Standard AS 2211 (Standards Australia 1991). The laser source used 
in the aberroscope system was a Spectra Physics™ 0.95 mW Class II helium-neon 
(HeNe) laser. The wavelength of the helium-neon source is 632.8 nm and the normal 
beam width is 15 mm. 
The aberroscope beam is significantly attenuated by a number of factors including: 
- a 1 ND (neutral density) filter in the beam path during alignment of the grid 
on the retina causing a reduction of 10 times in the beam irradiance, 
- the beam splitter is 30% reflectance and 70% transmittance, therefore only 
30% of the incident beam reaches the cornea, a further 3 times reduction in 
the beam irradiance. 
- the aberroscope grid itself blocks about 50% of the incident beam. 
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In practice, the subject alignment process with the ND filter in the beam path 
normally requires about 20 sec but can take up to 60 sec at the most. The exposure 
with the ND filter out of the beam path (ie. acquiring the image) is normally about 3 
sec but can be up to 5 sec at the most. All subsequent calculations are based upon 
maximum potential exposures. 
The beam intensity was measured at the corneal plane using a Tektronics photometer 
with a J6512 irradiance probe. The irradiance probe has a detector head of 1 cm 
diameter. The spectral response of the probe is relatively flat through the visible 
spectrum, including the region of interest (632.8 nm for the HeNe source). 
The irradiance of the beam at the corneal plane with the ND filter out of the beam path 
was 34 mw.m-2 and was 3.4 mW.m-2 with the ND filter in the beam path. The 
photometer is measuring the irradiance of the beam as if the full probe detector were 
covered by the beam. However the aberroscope grid attenuates about 50% of the 
incident irradiance (ie. the grid pattern is about equally transparent and opaque). 
Therefore the true irradiance (ie. power of the beam as a function of exposed area) is 
about twice the value registered by the photometer. 
A true beam irradiance of 68 mW.m-2 equates to 6.8 x 10-2 W.m-2 (without ND 
filter in the beam path) and 6.8 x IQ-3 W.m-2 (with the ND filter in the beam path). 
Therefore the energy at the corneal surface for: 
1. a 60 sec exposure with the ND filter in the beam path would equal 
4.08 x 10-1 J.m-2, 
2. a 5 sec exposure with the ND filter out of the beam path would equal 3 .4 x 
10-1 J.m-2. 
This procedure could be repeated up to 4 times (ie. 4 images acquired) per 
accommodation level for up to 7 accommodation levels (ie. maximum of 28 
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repetitions per eye). 
For a source with a wavelength of 632.8 nm, the Australian Standard AS 2211 
(Standards Australia 1991) specifies the maximum permissible exposure (MPE) at 
the corneal surface as 18 t0.75 J.m-2 where tis the time length of the exposure in 
seconds. 
For a single 60 sec exposure an MPE of 388 J.m-2 applies and for a 5 sec exposure 
an MPE of 60.2 J.m-2 applies (Standards Australia 1991). 
Therefore in the aberroscope photography protocol: 
1. 28 x 60 (1680) sec exposures with an ND filter in the beam path leads to a 
total exposure of 1.14 x 101 J.m-2, while the MPE for a 1680 sec exposure 
is 4.7 x 103 J.m-2, and 
2. 28 x 5 (140) sec exposures leads with no ND filter in the beam path leads to 
a total exposure of 9.5 J.m-2, while the MPE for a 140 sec exposure is 
40.7 J.m-2. 
Based on these conservative calculations, the subject is not exposed to a potential 
hazard during aberroscope photography as outlined. 
ABERROSCOPE MEASUREMENT TECHNIQUE 
Pupil size 
To maximize the pupil size during aberroscope photography, the subject's pupil was 
routinely dilated with 2.5% phenylephrine. A sympathomimetic drug was used in 
preference to a parasympathetic antagonist because a relatively active accommodation 
system allows the interactions between accommodation and monochromatic 
aberrations to be measured. 
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Accommodation response 
To induce a desired accommodation response during photography of the image of the 
aberroscope grid shadow, a Badal optometer system was used before the non-tested 
eye (Figure 2.2). Targets were positioned at pre-determined distances relative to the 
Badal lens to produce the desired accommodation response. 
To derive the appropriate target distance in the Badal system for each subject, the 
identical accommodation target system and aberroscope system were first used in 
conjunction with a Canon Autoref R-1 ™ autorefractor. The subject was positioned in 
the Autoref R-1 and distance refraction measured. The aberroscope grid was then 
imaged in the right eye via the beam splitter. The accommodation target was then 
introduced before the left eye and positioned via the mirror, such that the subject saw 
the target (with the left eye) overlying the aberroscope grid (with the right eye), in 
dichoptic view (Figure 2.6). 
The accommodation target was an internally illuminated array of high contrast letters. 
The target was oriented such that a letter was seen at the centre of the aberroscope grid 
and the subject was instructed to focus on this letter. To derive the appropriate 
accommodation target distances to induce the desired levels of accommodation 
response in the tested eye, the Badal target was moved along the target slide before the 
other eye, while repeated measures of refractive error ("accommodation") are taken 
from the tested eye using the Autoref R-1. This technique makes use of the 
consensual nature of the accommodation response. The evidence for an 
approximately consensual accommodative response is strong (Stoddard and Morgan 
1942; Ball 1952; Campbell 1960; Heron and Winn 1989; Winn et al. 1986). However 
the technique did not presume an equal consensual response, since the 
accommodation readings were taken from the eye to be tested with the aberroscope. 
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Figure 2.6: Subject's view during accommodation measurement 
and aberroscope photography (from Atchison et al. 1995). 
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The assumption underlying this method of inducing accommodation was that the 
consensual response induced with the subject at the Autoref R-1 would also occur 
when the subject was positioned at the retinal camera. Since the same accommodation 
stimulus and aberroscope system were used to measure the consensual 
accommodation (at the Autoref R-1) and aberrations present (at the Zeiss retinal 
camera), there was every likelihood that the accommodation response was similar in 
both conditions. The stability of the accommodation response was estimated by 
making repeated measurements of accommodation (using the Autoref R-1) while the 
Badal stimulus was positioned at various distances from the subject. The standard 
deviations of these repeated response readings were relatively low, typically about 
0.12 D. Given that the normal range of microfluctuations of steady-state 
accommodation are about 0.25 D, this result suggests only minor instability as a 
result of the stimulus conditions. 
Previous studies using the aberroscope have not used an accommodation stimulus, 
but have relied on the subject viewing the grid itself (Howland and Howland 1976, 
1977; Walsh et al. 1984; Walsh and Cox 1995). Howland and Howland (1977) 
suggested that the accommodation response to the grid should approximate the 
subject's tonic accommodation level. To study the stimulus to accommodation 
provided by the aberroscope grid alone, a simple control experiment was conducted. 
Four subjects were positioned at the Autoref R-1 in a totally darkened room. Ten 
consecutive readings of steady-state accommodation were made while the subject was 
instructed to focus on the aberroscope grid projected into the right eye (left eye open) 
and then again ten consecutive readings of steady-state accommodation were made 
from the right eye while the subject was in total darkness (ie. tonic accommodation). 
The data are presented below and suggest that the aberroscope grid provided a small 
accommodative stimulus. The steady-state accommodation level was higher than the 
subject's tonic accommodation by about 0.4 D on average (paired, two-tailed t-test, 
p=0.06). 
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Steady-state accommodation response to: 
Subject Aberroscope Darkness 
Mean SD Mean SD 
AG 1.61 D 0.06 1.58 D 0.06 
BD 2.26 I) 0.11 l.62D 0.09 
MC 1.61 D 0.13 1.01 D 0.13 
MS 2.11 D 0.08 l.67D 0.10 
Photography of the aberroscope grid 
To photograph the aben-oscope grid on the subjects' retina at the required 
accommodation levels, the same accommodation target system was used before the 
non-tested eye and the tested eye was positioned before a conventional retinal camera 
(Zeiss FK 50™). The accommodation target was again oriented such that a letter 
appeared at or very near the centre of the aben-oscope grid (seen by the tested eye) and 
the subject was instructed to maintain optimal focus on this letter. The required 
accommodation response was induced by positioning the accommodation target at the 
distances from the Badal lens determined previously using the Autoref R-1. 
This dichoptic task was not particularly difficult since the aberroscope grid provides 
very little accommodative stimulus compared to the Badal accommodation target 
letters. Most subjects reported little difficulty with this element of the measurement 
protocol. 
Uncorrected spherical refractive errors (or accommodation) cause the image of the 
aberroscope grid to be distorted in a predictable manner. This distortion limits the 
ability to resolve other aben-ations, so "con-ecting" spherical powered lenses were 
used in the beam path of the aberroscope system to minimise these distortions. The 
appropriate lens power was derived by viewing the aben-oscope grid on the retina 
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through the retinal camera and using spherical powered lenses ("correcting lens" in 
Figure 2.2) to make the central area of the grid approximately square (subjects could 
also provide feedback during this process). This technique does not have to be precise 
because uncorrected spherical refractive error (defocus) is derived in the aberroscope 
analysis and does not influence the characteristics of the other aberration terms. 
Photographs of the aberroscope shadow on the retina were then made using 3200 
ASA black and white negative film (push-processed to 6400 ASA), with an exposure 
time of about 1 second. Three to four aberroscope photographs were normally taken 
at each accommodation level. Examples of photographed aberroscope grids are 
illustrated in Figures 2.7 and 2.8. 
Measuring grid intersections 
The negative of the aberroscope photograph was projected onto a digitising tablet and 
the grid co-ordinates recorded directly to an on-line computer. The grid co-ordinates 
were normally measured twice for each aberroscope photograph (less distinct grids 
were measured four or more times) and the mean grid co-ordinates then used to 
calculate the Taylor polynomial describing that grid. The reliability of these measured 
grid intersection co-ordinates was high for an experienced observer (Atchison et al. 
1995). 
The centre of the grid pattern was determined by examining the symmetry of the grid 
and counting the number of grid spacings along the long and short axes of the grid. 
There is little interobserver variance in the judgement of the co-ordinates of this point 
for experienced observers (Atchison et al. 1995). In aberroscope grid analysis, the 
determination of the centre of the grid was important because it was presumed to 
coincide with the geometric centre of the entrance pupil and errors can lead to changes 
in both the type and magnitude of the derived aberrations. 
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Figure 2.7: Aberroscope grids for the same subject (MC) at OD, lD, 2D and 3D 
accommodation levels. Note the gradual change in pattern shape as 
accommmodation level increases; this is predominantly an increase in negative 
spherical aberration. Note that the grid lines are typically closer to horizontal 
and vertical. 
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Figure 2.8: Aberroscope grid photographs for subject JT for accommodation 
levels 0 to 4 D. The grids show increasing coma-like distortion with increasing 
accommodation levels. 
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Wavefront aberrations (Taylor polynomial) 
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Aberrations in the optics of the eye caused the grid to be distorted and these 
distortions were quantified to derive an accurate assessment of the existing 
aberrations. These aberrations were expressed as wavefront aberrations, where 
departure from the perfect spherical wavefront was defined by a wavefront aberration 
polynomial. The wavefront aberration polynomial was expressed in a power series 
(Taylor polynomial) of the form: 
W(x,y) = A+ Bx + Cy + Dx2 +Exy + Fy2 + Gx3 + Hx2y + 
Ixy2 + Jy3 + Kx4 + Lx3y + Mx2y2 + Nxy3 + Oy4 ....... . 
where W was the wavefront aberration in microns, x and y were cartesian co-
ordinates in millimetres in the entrance pupil of the eye, and A to 0 were the various 
aberration (Taylor) coefficients corresponding to the various types of aberration being 
considered. The same sign convention was adopted as in previous studies which have 
utilised the aberroscope; x was positive to the subject's right and y was positive in the 
superior direction (for both right and left eyes). 
The A coefficient is the relative position of the wavefront along the axis, coefficients 
B to Fare related to prism (Band C), and sphero-cylinder (D, E and F) components 
which can be corrected with conventional ophthalmic lenses. The coefficients G to J 
encompass coma-like aberrations, while the coefficients K to 0 include spherical 
aberration (a combination of the K, M and 0 terms) and other aberrations (L and N 
terms). The appearance of the aberroscope grid in relation to the various coefficients 
from the Taylor polynomial is illustrated in Figure 2.9. 
To combine right and left eye aberroscope data, Howland and Howland (1977) 
reversed the sign of the G, I, L and N coefficients for right eye data which effectively 
created bilateral symmetry (ie. nasal matched nasal). In the following studies using 
the aberroscope, the coefficients G, I, L and N from the right eye have not been 
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Figure 2.9: The effect of the Taylor coefficients (G to 0) on the appearance of the 
aberroscope grid. Values in the left column are coefficient magnitude and sign. 
Grid spacing was 1 mm at the entrance pupil. 
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reversed in sign, maintaining the sign convention; x was positive to the subject's right 
and y was positive in the superior direction (for both right and left eyes). 
Zernike polynomials 
Zernike polynomials can be used to describe the wavefront and contain only 
orthonormal aberration terms (ie. each term of the Zernike polynomial is independent 
of the other Zernike terms in describing an aspect of the wavefront). On the other 
hand, in the Taylor polynomial one or more of the Taylor coefficients will change in 
magnitude as further terms are added to the polynomial. 
The Zernike expansion for the wavefront aberration is: 
10 15 
W(x,y) = Ln=7 Cn Zn r3 + Ln=l l Cn Zn r4 
where W is the wavefront aberration in microns, x and y are cartesian coordinates in 
millimetres in the entrance pupil of the eye, r is the pupil radius in millimetres, Cn is a 
Zernike coefficient and Zn is a Zernike polynomial term (Howland and Howland 
1977). 
Spherical aberration 
The dioptric value of spherical aberration at the edge of the pupil can be calculated 
from the K, M and 0 terms of the wavefront polynomial: 
LSA (D) = (3K + 30 + M) r2 I 2 
where r is the radius of the pupil (Howland and Howland 1977). 
The Z11 Zernike polynomial: 
encompasses both spherical aberration and simple defocus of the wavefront deviation 
(Howland and Howland 1977). 
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Coma 
Lateral coma can be defined by the Taylor coefficients G and I (in the ratio of 3G : I) 
and the Zemike polynomial Z7 where: 
Z7 = 3x3 + 3xy2 - 2x 
(Howland and Howland 1977). 
Vertical coma can be defined by the Taylor coefficients H and J (in the ratio of 3J : H) 
and the Zemike polynomial Zs where: 
Zs = 3y3 + 3x2y - 2y 
(Howland and Howland 1977). 
MSE and RMS errors 
The wavefront deviation from a perfect sphero-cylindrical wavefront was used to 
calculate the mean-square-error (mse) and the root-mean-square deviation (rms) in 
µm2 and µm (respectively) at the plane of the exit pupil. In statistical terms, the mean-
square-error (mse) and the root-mean-square deviation (rms) are equivalent to the 
variance and standard deviation from a population mean (respectively). 
Third-order and fourth-order components 
The third-order components of the wavefront polynomial are so called because the 
power of the (x, y) terms sum to the power of three. In the Taylor polynomial this 
includes the coefficients G, H, I and J (ie. Gx3 + Hx2y + Ixy2 + Jy3). In the Zernike 
polynomials the third-order components of the wavefront include Z7, Zs, Z9 and Z10. 
These third-order components encompass aberrations such as coma. 
The power of the (x, y) terms of the fourth-order components of the wavefront 
polynomial sum to four. In the Taylor polynomial this includes the coefficients K, L, 
M, N and O (ie. Kx4 + Lx3y + Mx2y2 + Nxy3 + Qy4). In the Zernike polynomials 
the fourth-order components of the wavefront include Z11, Z12, Z13, Z14 and Z15. 
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These fourth-order components encompass spherical aberration (ie. it is part of the 
Z11 polynomial). 
The sum of the mean-square-error (µm2) of the third-order and fourth-order 
components equals the total mean-square-error (µm2) of the wavefront. 
Marechal criterion 
The maximum pupil diameter for which the root-mean-square deviation of the 
wavefront is less than 1/14 of the wavelength of the incident light (632.8 nm for this 
aberroscope system) is termed the Marechal criterion or "critical pupil diameter". 
Therefore larger Marechal results suggest better optical quality of the eye. 
Wavefront reconstruction 
A software program was developed to allow reconstruction of the three dimensional 
appearance of the wavefront deviation. This method of presenting aberroscope results 
was first used by Walsh et al. (1984) and provides an informative perspective on the 
aberrations present in the eye. 
The program was based upon a Microsoft Excel™ spreadsheet and graphing facility. 
Each wavefront reconstruction was produced by creating a "3D Surface Chart", based 
upon a 50 x 50 array within the spreadsheet. This array had a central circular section 
(pupil zone) touching the edges of the square, in which all the cells contained an 
algorithm in the form of the Taylor polynomial describing the aberrations of the 
particular eye. The Taylor coefficients of the polynomial were entered by the user and 
the wavefront displacement (z) calculated with reference to cartesian (x, y) coordinates 
within the pupil. The user could define the pupil size over which the wavefront was 
calculated. 
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In each of the remaining cells of the array, outside the circle (pupil), the value of the 
cell was set to the minimum value calculated in the circle (pupil) by the Taylor 
polynomial. To illustrate this method, wavefront deviations have been reconstructed 
using each of the individual Taylor polynomial terms and positive and negative 
longitudinal spherical aberration in Figures 2. lOa, b, c, d, e. 
PRECISION AND ACCURACY OF THE ABERROSCOPE TECHNIQUE 
Measurement axis 
A potential source of error in the aberroscope technique is the derivation of the centre 
of the grid pattern and the assumption that this point coincides with the geometrical 
pupil centre (Campbell et al. 1990). The likely magnitude of this error has been 
studied by Atchison et al. (1995). They showed that the typical error in the location of 
the centre of the grid pattern caused relatively small changes in the levels of 
monochromatic aberrations derived from the analysis of aberroscope grids (fourth-
order components were unaffected, while the third-order components showed some 
changes). 
Since it is necessary to dilate the subject's pupil when performing aberroscope 
photography, the dilated pupil centre during photography may not exactly coincide 
with the natural pupil centre under identical stimulus conditions. This is another 
potential source of error in the technique which is difficult to quantify. For example, 
Walsh (1988) and Wilson et al. (1992) have shown that for some subjects there can 
be substantial shifts in pupil centre as a function of changes in pupil diameter related 
to retinal illuminance, drug effects or accommodation. 
Correcting lens effects 
One consequence of using "correcting" lenses is that the grid spacing changes as a 
function of the "correcting" lens power, which influences the magnitude of the 
derived aberrations. Atchison et al. (1995) have previously described the methods 
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Figure 2. lOa: The effect of Taylor coefficients A (shift in the wavefront), B 
(lateral prism), C (vertical prism) and D (an element of the sphere-cylinder) set 
to +0.1 on the appearance of the wavefront deviation. The appearance of the 
wavefront deviations are relative to a 5 mm pupil for a right eye. The wavefront 
deviation ("toward the retina" axis) is in microns and the up-down and temporal-nasal 
axes represent the pupil size in mm. 
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Figure 2.lOb: The effect of Taylor coefficients E, F (elements of the sphero-cylinder) 
set to +0.1 on the appearance of the wavefront deviation and the effect of Taylor 
coefficients D and F combined (spherical error) and set to +0.1 and -0. l on the appearance 
of the wavefront deviation. The appearance of the wavefront deviations are relative to a 
5 mm pupil for a right eye. The wavefront deviation ("toward the retina" axis) is in microns 
and the up-down and temporal-nasal axes represent the pupil size in mm. 
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Figure 2. lOc: The effect of Taylor coefficients G, H, I and J set to +0.1 on the 
appearance of the wavefront deviation. The effect of all Taylor coefficients 
(G - 0) set to zero is also presented. The appearance of the wavefront deviations 
are relative to a 5 mm pupil for a right eye. The wavefront deviation ("toward the 
retina" axis) is in microns and the up-down and temporal-nasal axes represent the 
pupil size in mm. 
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Figure 2.1 Od: The effect of Taylor coefficients K, L, M, N and 0 set to 
+0.1 on the appearance of the wavefront deviation. Also shown is the effect 
of positive and negative spherical aberration on the wavefront. The 
appearance of the wavefront deviations are relative to a 5 mm pupil for a 
right eye. The wavefront deviation (''toward the retina" axis) is in microns 
and the up-down and temporal-nasal axes represent the pupil size in mm. 
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Figure 2.lOe: The effect of Taylor coefficients G and J set to +0.1 and-0.1 on the 
appearance of the wavefront deviation. The appearance of the wavefront deviations 
are relative to a 5 mm pupil for a right eye. The wavefront deviation ("toward the 
retina" axis) is in microns and the up-down and temporal-nasal axes represent the 
pupil size in mm. 
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employed for compensating the effects of the "correcting" lenses on the derived 
aberrations. They noted that errors of about 25% and 50% occur for third-order and 
fourth-order components of the aberrations respectively with 8 D correcting lenses. 
Optical quality of the aberroscope system 
The optical quality of the components of the aberroscope system and the Zeiss FK 50 
retinal camera are potentially limiting factors on the ability to resolve monochromatic 
aberrations of the tested eyes. To study the retinal camera optics a series of 
aberroscope photographs were taken of graph paper and the grid analysed at various 
positions within the field of the photograph. The results showed very little existing 
aberration in the camera optics with Marechal limits of greater than 8 mm (Atchison 
et al. 1995). To test the aberroscope system components, aberroscope photographs 
were taken with a model eye comprising a +5 D lens and a "retinal" screen. The 
aberrations were substantially higher than those of the camera alone, with Marechal 
limits of 5.2 mm (for a 5 x 5 grid) and 8.1 mm (for a 7 x 7 grid) (Atchison et al. 
1995). The magnitude of the aberrations in the aberroscope system components, 
while larger than desired, were still substantially less than those for human eyes and 
should not have significantly influenced the results obtained with the system. 
Some minor variability arises in the measurement of grid intersections due to the 
judgement of the centroid of each intersection point in the aberroscope photograph. 
There is some loss in clarity of each intersection point of the aberroscope photograph 
as a result of ocular aberrations (each intersection point represents an approximate 
point spread function) and film processing limitations. 
Resolution of aberrations 
For high levels of aberrations, the aberroscope grid pattern can become so distorted 
that one or more of the outer grid intersections "fold-back" or "converge" into the 
inner grid and a 4 x 4 grid can no longer be accurately resolved. The effect of various 
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levels of spherical aberration (Taylor polynomial terms K, Mand 0) and lateral coma 
(Taylor polynomial terms G and I) on the aberroscope grid pattern are illustrated in 
Figures 2.11 and 2.12. It can be seen that higher levels of aberrations will reduce the 
number of resolvable grid spacings. 
Collins et al. (1995a) noted resolution problems when they used the same objective 
aberroscope technique to measure the monochromatic aberrations present in the eyes 
of myopic and emmetropic subjects, across three levels of accommodation. They 
found that a high proportion of the aberroscope grids photographed in the myopic 
eyes were too highly aberrated to permit analysis. 
When only a relatively small number of intersections points can be resolved in the 
photographed aberroscope grid, it may be due to the distortion produced by high 
levels of ocular aberrations or it may result from a small pupil. For example, a 4 x 4 
resolvable grid size photographed at the retina may be due to a constricted pupil 
(approximately 4.2 mm to produce a 4 x 4 grid) or may result from aberrations 
folding-back the outer grid lines so that they can no longer be resolved (for example a 
6 mm pupil but high levels of aberrations). 
To overcome this problem the aberroscope grid image was also photographed on the 
iris by simply focusing the retinal camera on the grid at the plane of the iris. By 
analysing the size of the grid pattern on the iris it was possible to estimate the number 
of grid intersections entering the pupil and therefore potentially falling on the retina 
(Figure 2.13). Because the iris and retinal photographs were not taken simultaneously, 
there was the potential for pupil size to vary slightly between photographs. Therefore 
this information was only a guide to the potential influence of pupil size on the 
resolvable grid matrix. 
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Figure 2.11: The effect of various levels ( +3 D to -3 D) of LSA on the shape 
of a 4 x 4 aberroscope grid. Grid spacing was 1 mm at the entrance pupil. 
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Figure 2.12: Variation in aberroscope grid for various levels of spherical 
aberration and lateral coma (from Collins et al. 1995a). For spherical 
aberration A is +0.50 D, B is+ 1.00 D and C is +2.00 D of LSA (at the edge of 
a 5 mm pupil). For lateral coma, the Taylor coefficients (G and I) were set to G 
= 0.3 and I= 0.1 for D, G = 0.6 and I= 0.2 for E and G = 0.9 and I= 0.3 for F 
(all for a 5 mm pupil). The shaded regions represent the maximum resolvable 
grid matrix (5 x 5 for A and D, 4 x 4 for Band E, and 3 x 3 for C and F. Grid 
spacing was 1 mm at the entrance pupil. 
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Figure 2.13: Aberroscope grid photographed at the plane of the iris. Position 
of the grid within the pupil is shown by dashed lines. The 5 x 5 maximum grid 
matrix is shown highlighted within the pupil. 
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A further limitation of the aberroscope technique was its reliance on a fixed number 
of ray paths through the optics of the eye when deriving the aberrations present. These 
ray paths are defined by the grid intersection points on the retina. Decreasing the 
spacing between these intersections is only effective to a certain degree, since 
diffraction effects will limit resolution when the spacing is too narrow. The 
aberroscope technique is therefore providing an estimate of the monochromatic 
aberrations present, based on ray paths separated by 0.96 mm in the pupil (for an 
emmetropic eye). 
It is possible to analyse aberroscope grids with a minimum of a 4 x 4 grid matrix. 
However it is inadvisable to extrapolate the results from a grid matrix of this size ( 4 x 
4 = 4.2 mm pupil if no correcting lenses were used) to substantially larger pupil sizes. 
Trials conducted with larger grid matrices (eg. 7 x 7 grids) show that extrapolation of 
aberration results from the central 4 x 4 grid do not always show good correlation 
with the results from a larger grid matrix analysed from the same photograph. This is 
probably not unexpected given the predominantly irregular nature of ocular 
aberrations and the tendency for small measurement errors of inner points to 
compound to give large errors in the Taylor polynomial when extrapolated to larger 
grid (pupil) sizes. This suggests that extrapolation of the Taylor polynomial derived 
from a grid of fixed size, to larger grid sizes (ie. larger pupils) may be prone to error 
and should be avoided when possible. 
The analysis of aberroscope results provides an estimate of Seidel (primary) 
aberrations but not higher order aberrations. It has been suggested by Williams, 
Brainard, McMahon and Navarro (1994) that the MTF derived from aberroscope 
results is higher than that obtained by other methods and that this may occur because 
the aberroscope technique measures aberrations with a limited spatial scale (typically 
with a spacing of about 1 mm). Current aberroscope techniques cannot estimate 
higher order aberrations because of the limited spatial scale of the grid pattern. 
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Accuracy of the technique for spherical aberration 
To investigate the accuracy of the aberroscope system in measuring spherical 
aberration, three rigid contact lenses with known levels of spherical aberration were 
used in conjunction with a model eye (a Zeiss model eye consisting of a +22.50 D 
lens, 9 mm entrance stop and pseudo-retina located at the focal plane of the lens). The 
method of determining their spherical aberration with a modified vertometer is 
explained later in Chapter 2.6. The three lenses ranged in spherical aberration from 
-0.64Dto+1.06 D (measured with the vertometer at a 5 mm chord). 
The model eye was used with the rigid lenses centred on the optical axis of the model 
eye. Aberroscope grid photographs were taken in the usual manner and analysed to 
derive the spherical aberration present. The model eye alone had negligible spherical 
aberration (across a 5 mm chord). The relationship between the spherical aberration of 
the rigid lenses as measured by the aberroscope and vertometer is plotted in Figure 
2.14. There was a high degree of correlation between the spherical aberration 
measured with the aberroscope and that measured with the vertometer. The small 
errors are most likely due to small errors in centring of the lenses on the model eye, 
imperfect spherical aberration in the contact lenses and errors in the aberroscope 
technique. 
Reliability 
The reliability of the aberroscope results at different measurement sessions (ie. 
precision) has been previously studied. Atchison et al. ( 1995) report the results for 
one subject for three separate measurement sessions (ie. head removed from 
apparatus and full procedure repeated). The results showed reasonable consistency of 
mean-square-error (mean of 0.385 µm2 and range of 0.0127 µm2 for a 5 mm pupil), 
Man~chal limit (mean of 3.1 mm and range of 0.2 mm) and spherical aberration 
(mean of -0.39 D and range of 0.17 D for a 5 mm pupil). 
2.36 
0 
......... 
c: 
0 
~ 
'-Q) 
.0 
<( 
(ii 
(.) 
·;:: 
Q) 
..c: 
c.. 
CJ) 
Q) 
c.. 
0 (.) 
(/) 
e 
'-Q) 
.0 
<( 
1.5.....------------------/..,,., 
1.0 
0.5 
0.0 
+ // 
/ 
/ 
/ 
/ 
-0.5 t/ 
/ 
/ 
/ 
/ 
/ //+ 
/ 
/ 
/ 
/ 
/ 
/ 
- l .G-+"_--.---....----.,----.--.......---.-, --.---,.,---,..----1 
-1.0 -0.5 0.0 0.5 1.0 1.5 
Vertometer Spherical Aberration (D) 
Chapter 2 
Figure 2.14: Spherical aberration (at 5 mm chord) of three rigid 
contact lenses measured using a vertometer and the aberroscope 
technique. To use the aberroscope technique the lenses were 
mounted at the stop/entrance pupil of a model eye. Dashed line is 
the ideal 1: 1 slope. Error bars are +/- SD for both vertometer and 
aberroscope results. 
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The LSA derived from repeated aberroscope results for a subject (three 
accommodation levels and three sets of measurements) is presented in Figure 2.15. 
The mean LSA ranged from 0.01Dto0.08 D for the unaccommodated condition (0 
D), -0.12 D to -0.18 D for the 1.5 D accommodation condition and-0.27 D to -0.49 
D for the 3 D accommodation condition. Given that the magnitude of accommodation 
microfluctuations is in the order of 0.25 D and may be up to 0.5 D, some variability 
of results is anticipated as a consequence of small periodic changes in 
accommodation. The measured changes in LSA (derived from aberroscope 
photographs) over a 70 min period following the instillation of a cycloplegic ranged 
up to about 0 .12 D for the same subject (Figure 2.15). This result is similar to that of 
the unaccommodated condition (0 D accommodation) measured with a relatively 
active accommodation system (range of about 0.07 D). 
SUMMARY 
The aberroscope technique utilised in the following studies has the following 
advantages: 
1. it is objective, 
2. it requires a relatively short period of time to make the measurements, 
3. it requires minimal subject co-operation in acquiring data, 
4. the technique is considered to provide an acceptable level of accuracy and 
precision. 
The limitations of the aberroscope technique are: 
1. it requires pupil dilation, 
2. the "centre" of the aberroscope grid photographed on the retina is 
assumed to coincide with the centre of the pupil in subsequent calculations 
of aberrations, 
3. high magnitudes of aberrations can not be resolved, 
4. accommodation level is not measured simultaneously with the 
aberrations, 
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Figure 2.15: Upper: LSA (at edge of 5 mm pupil) derived from aberroscope photographs 
of the same eye over 70 mins after the instillation of a cycloplegic. 
Lower: LSA (at edge of 5 mm pupil) derived from aberroscope photographs at 
three accommodation levels over three separate trials. 
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The aberroscope has been extensively used in previous studies of the monochromatic 
aberrations of the eye (Howland 1968; Howland and Howland 1976, 1977; Walsh et 
al. 1984; Walsh and Charrnan 1985; Applegate 1991a; Atchison et al. 1995 and 
Collins et al. 1995a) and is considered to be a well established technique. The method 
employed provides a reliable estimate of the monochromatic aberrations of the eye at 
various levels of accommodation. 
2.2 USE OF PHENYLEPHRINE 
Introduction 
The ocular drug phenylephrine (2.5%) was used in the experiments outlined in 
Chapters 3 and 4. The procedures involved in its use are discussed in the following 
section. 
Ocular effects of phenylephrine 
Phenylephrine is a sympathornimetic drug which acts upon the alpha receptors (an 
alpha-1 adrenoceptor agonist) in the eye to produce mydriasis, vasoconstriction and a 
small loss in accommodative amplitude (Mordi, Lyle and Mousa 1986a). It is widely 
used in studies of accommodation because of its ability to produce significant dilation 
of the pupil (a requirement for the operation of many optometers) while at the same 
time producing relatively small changes in accommodative function. 
Mordi et al. (1986a) measured the amplitude of accommodation after the 
administration of either 2.5% phenylephrine alone, or following a topical anaesthetic 
(proparacaine hydrochloride) for a group of young subjects. Accommodation 
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amplitudes decreased by about 15% (phenylephrine alone) to 25% (with topical 
anaesthetic), with the greatest loss occurring about 40 min post-instillation and full 
recovery requiring at least 2 hr. Changes in the subjects' pupil diameter followed a 
similar time-course to those of accommodation. 
A reduction in accommodation amplitude following phenylephrine use has also been 
reported by Gamer, Brown, Carter and Colgan (1983), Zetterstrom (1984), Mordi, 
Tucker and Charman (1986b) and Gimpel, Doughty and Lyle (1994). There appears 
to be little influence on tonic accommodation following the use of phenylephrine 
(Leibowitz and Owens 1975; Gamer et al. 1983; Rosenfield, Gilmartin, Cunningham 
and Dattani 1990). 
Kotulak and Schor (1986a) conducted a control experiment to investigate the effect of 
2.5 % phenylephrine on steady-state continuous accommodation recordings using a 
modified Ophthalmetron TM. They reported that the principal effect of pheny lephrine 
on the accommodation record was fewer artefacts in the accommodation signal (the 
type of artefacts were not specified). 
Systemic effects of phenylephrine 
When phenylephrine is topically applied to the eye, it is absorbed through the corneal 
and conjunctiva! surface and also passes through the naso-lacrimal duct where it is 
further absorbed through the nasal mucosa. Ocular absorption can be maximised 
through the techniques of eye closure following administration and digital pressure on 
the naso-lacrimal duct. Adverse reactions to systemic phenylephrine absorption are 
rare following topical ocular application. Documented adverse reactions have occurred 
with 10% concentrations of phenylephrine and have included severe hypertension, 
subarachnoid haemorrhage, ventricular arrhthymias and myocardial infarctions 
(Fraunfelder and Scafadi 1978). 
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The systemic absorption of phenylephrine (10%) has been reported to lead to 
peripheral vasoconstriction and can result in raised blood pressure (Heath and Geite 
1949). Robinson, Petrig, Sinclair, Riva and Grunwald (1985) investigated the effect 
of topically applied phenylephrine (10%) on macular blood flow, heart rate and blood 
pressure. They found no significant effects during 35 mins post-instillation. 
Phenylephrine screening 
Subjects were screened prior to using phenylephrine, since there have been rare 
occurrences of adverse reactions to topical application of phenylephrine at 10% 
concentration. Only 2.5% phenylephrine was used in these studies and all subjects 
were screened before instilling the drug as a precautionary measure. 
The screening included: 
1. no subjects with history of hypertension, diabetes, hyperthyroidism, heart 
disease, or asthma, 
2. no subjects using tricyclic antidepressants, beta blockers, reserpine, 
guanethidine, methyldopa or anticholinergics, 
3. routine screening of anterior chamber angle for excessively narrow 
angles and measurement of intraocular pressure. 
The typical procedure for pupil dilation with phenylephrine included first 
administering two drops of benoxinate ( oxybuprocaine) hydrochloride (0.4 % ), a 
topical anaesthetic which enhances the penetration of phenylephrine. This was 
followed by the administration of two drops of phenylephrine hydrochloride (2.5% ), 
after which the subject was instructed to initially keep the eye closed and then to apply 
digital pressure to the canaliculus to reduce drainage from the eye. A period of about 
20-30 min elapsed between drug instillation and maximal pupil dilation for most 
subjects. 
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2.3 CORNEAL TOPOGRAPHY 
Introduction 
The PAR Corneal Topography System (CTS) was used to measure the topography of 
the anterior corneal surface in an experiment in Chapter 3. The system uses the 
principle of raster photogrammetry to calculate a topographical map of the anterior eye 
surface (Warnicki, Rehkopf, Curtin, Burns, Arffa and Stuart 1988). In raster 
photogrammetry a known pattern is projected onto the surface to be measured and the 
distortion of the pattern is recorded from a known oblique angle. In the CTS, the 
projected pattern is a square grid with a intersection spacing of 0.22 mm which is 
imaged via a digital camera (Belin, Cambier, Nabors and Ratliff 1995). The technique 
produces up to 1700 data points across the full corneal diameter (up to about 12 mm) 
(Figure 2.16). The algorithms used to analyse the data, calculate x, y and z coordinates 
for each grid intersection on the anterior corneal surface. 
Raster photogrammetry requires that grid pattern on the surface to be measured acts as 
a source of light rather than a virtual reflected source (such as in placido-based corneal 
topography measurement). To achieve this the CTS requires sodium flourescein to be 
instilled into the subjects' tear film. The grid pattern is projected through a blue 
excitation filter and the image is acquired through a yellow barrier filter such that the 
grid pattern fluoresces in the tear film of the eye. The CTS is therefore measuring the 
topography of the anterior tear film (like placido-based corneal topography 
measurement) and inferring that changes in the tear film reflect those occurring in the 
underlying corneal surface. For most applications this would seem a reasonable 
assumption. 
The accuracy of the CTS raster photogrammety technique in measuring surface power 
is reported to better than that of placido-based photokeratoscope and videokeratoscope 
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Figure 2.16: The PAR Corneal Topography System image. Up to 1700 intersection 
points are captured. Algorithms are used to calculate x, y and z coordinates for each 
grid intersection on the anterior corneal (tear film) surface. 
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systems and is less influenced by misalignment (Belin and Zloty 1993). Unlike 
placido-based systems the CTS also measures the central cornea with the same level 
of accuracy as more peripheral zones of the cornea CW arnicki et al. 1988; Belin and 
Zloty 1993). Another advantage of this instrument is its ability to provide 
topographical data across most of the cornea (about 11 to 12 mm measurement zone) 
compared with most previous methods which were limited to the central 7 mm or less 
of the corneal diameter. 
Method 
The CTS grid and image capture components are mounted on a standard slit lamp. 
The subject views a fixation target midway between the grid projection unit and image 
capture unit which are separated by a fixed angle of 24.6 degrees (Belin et al. 1995). 
The subject is aligned by the observer viewing through the slit lamp and the tear film 
is stained with sodium fluorescein just prior to image capture. 
The CTS calculates a variety of measures of corneal topography including sagittal 
(axial) power, tangential (instantaneous) power and refractive power (Figure 2.17). 
Analysis of the videokeratographs was conducted using the CTS refractive power 
output for the cornea, since these data allowed directed comparison with the dioptric 
wavefront errors determined through the aberroscope technique. 
The refractive power data for each videokeratograph was converted from a Cartesian 
reference coordinate system to a polar reference system to facilitate statistical analysis. 
For each videokeratograph the mean corneal refractive power was calculated for three 
zones of the cornea; the central 1 mm, an annulus 3.5 to 4.5 mm (inner and outer 
diameter respectively) and an annulus 7.5 to 8.5 mm (inner and outer diameter 
respectively) (Figure 2.18). There were typically between 200 and 400 data points 
analysed for each of the three zones of the cornea. 
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Figure 2.17: The various radii and powers used to describe the data produced from 
videokeratoscopes (after Roberts 1994). The sagittal (axial) radii are used to derive 
sagittal power which is the most common form of presentation of corneal 
videokeratographs. However refractive power presentation is more applicable in the 
study of the optical characteristics of the cornea. 
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Figure 2.18: Mean corneal refractive power was calculated for the three zones 
marked on the videokeratograph. These zones included the central 1 mm, an 
annulus from 3.5 mm to 4.5 mm and an annulus 7.5 mm to 8.5 mm. 
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2.4 ACCOMMODATION 
Introduction 
The experiments in Chapters 4 and 5 make use of the Canon Autoref R-1 to 
investigate various aspects of the interactions between monochromatic aberrations and 
the accommodation response. Steady-state accommodation was measured using both 
repeated static measurments of the accommodative status of the eye and with 
continuous measurements of the steady-state response. 
Canon Autoref R-1 
The Canon Autoref R-1™ autorefractor (Autoref R-1) was used in the following 
experiments to measure the refractive status and therefore accommodation level of 
subjects. The autorefractor is an infrared optometer, which allows free-space viewing 
by the subject while measurements of refraction are taken. The free-space viewing 
arises through the use of a beamsplitter which reflects an infrared measurement beam 
into the subjects eye while at the same time transmitting visible radiation to achieve 
free-space conditions. The free-space viewing conveys certain advantages to the 
Autoref R-1 for accommodation research. Proximal cues are minimized through the 
free-space design and the subject need not exert any mental effort to allow 
measurement of the accommodation response (as occurs for example with laser 
speckle optometers), aside from attention to the stimulus. 
The infrared measurement beam (930 nm) of the Autoref R-1 is chopped at 5 kHz 
and projects through three masks oriented at 30°, 150° and 270° into the eye (Figure 
2.19). When performing a static refraction measurement, a motor in the instrument 
moves a lens system through a measurement sweep in about 200 ms. The 
measurement beam is reflected from the retina and directed through three identically 
oriented masks onto three photodetectors. Signal conditioning circuitry is then used to 
transform this modulated signal to a direct current (de) voltage waveform. 
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Configuration of Autoref R-1 beam 
CCDimage 
Figure 2.19: Autoref R-1 infrared measurement beam. Upper section 
shows the three components of the beam oriented at 30, 150 and 270 
degrees. Lower section shows a CCD image of one component of 
the beam/mask. 
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The characteristic shape of the three waveforms is illustrated in Figure 2.20. The 
Autoref R-1 processor calculates the sphere, cylinder and axis values for the eye by 
comparing the positions of the peak (maximum voltage) of each of the three 
waveforms (Winn, Pugh, Gilmartin and Owens 1989). Matsumura, Maruyama, 
Ishikawa, Hirano, Kobayashi and Kohayakawa (1983) have described the algorithms 
used in these calculations made by the Autoref R-1. 
The calibration of the Autoref R-1 used in the following experiments was investigated 
by Davis, Collins and Atchison (1993) using cycloplegic subjective refraction and a 
range of soft contact lenses fitted to five subjects. Across the power range of interest 
(about+ 1 D to -5 D) the instrument had an estimated error of 0.12 D, which was later 
subtracted from all readings. However it should be acknowledged that the absolute 
accuracy of the calibration could not be determined. Any error associated with the 
absolute calibration should be both small and relatively constant across the normal 
range of accommodation levels. The linearity of the instrument calibration was 
checked periodically during the experiments using a calibration system supplied by 
Canon. 
2.5 CONTINUOUS MEASUREMENT OF STEADY-STATE 
ACCOMMODATION 
Introduction 
The technique of continuous measurement of steady-state accommodation was based 
on methods originally described by Pugh and Winn ( 1988, 1989) and later modified 
by Davis et al. (1993) and Collins et al. (1995b) (Appendix 1). Through the use of 
these methods the effect of spherical aberration on the microfluctuations of steady-
state accommodation was examined (Chapter 4, Experiment 4.4). 
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Figure 2.20: Generation of the Autoref R-1 waveform during a static shot. 
Movement of the focusing lens produces a change in the voltage output 
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Microfluctuations (variations in refractive power) occur in the normal accommodation 
response during steady-state viewing and are normally less than 0.25 Din peak-to-
peak magnitude and occur at frequencies less than 2 Hz. Charman and Heron (1988) 
and Winn and Gilmartin (1992) have used the convention that the temporal 
frequencies of the microfluctuations are described as high frequency (HFC - high 
frequency component) when in the range from 1 to 2 Hz and low frequency (LFC -
low frequency component) when less than 0.6 Hz. 
CALIBRATION METHODS 
Canon Autoref R-1 
The measurements of continuous accommodation response were made with a 
modified Canon Autoref R-1 (Pugh and Winn 1988, 1989; Davis et al. 1993). The 
modifications allow the Autoref R-1 to produce a continuous voltage output, which is 
calibrated to the accommodation level of the eye. 
When taking static measurements, a motor moves the Autoref R-1 focusing system 
with respect to the instrument's photodetectors. The modifications described by Pugh 
and Winn (1988, 1989) permits the focusing system of the AutorefR-1 to be disabled 
and manually adjusted to alter the vergence of light incident upon the photodetectors. 
The continuous voltage output from the photodetectors is then passed through an 
analog to digital converter and stored in a computer. 
Continuous measurement of accommodation 
The Autoref R-1 is calibrated to give a continuous output voltage level which is 
dependent upon the position of the focusing lens and the accommodative state of the 
subject. The system used to acquire the continuous signal consisted of a personal 
computer, an input-output board to acquire the static shot data, and a 12 bit analog to 
digital converter (ADC) board to acquire both the static shot waveforms and the 
continuous signal. 
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The adopted method for calibrating the continuous accommodation record of the 
Autoref R-1 is outlined in detail in Davis et al. (1993) (Appendix 1). If the target 
distance during continuous recordings is 2 D, then in the calibration routine a target is 
presented to the subject at distances of 1, 0.5 and 0.33 m corresponding to 1, 2 and 3 
D accommodation stimuli for an emmetrope and static shots are taken. The measured 
accommodation responses (ie. refractive error) at each of the target distances are used 
to give a stimulus to response relationship for the particular subject. This procedure is 
necessary to establish the mathematical characteristics of the accommodative stimulus 
to response relationship for a particular subject. 
The waveform produced by the sweep of the focusing lens is also simultaneously 
sampled at each stimulus level. This enables a waveform position to accommodative 
response (D) relationship to be established (Figures 2.21a, band c). In the 1 D to 3 D 
accommodation range there is generally little lead or lag of accommodation present. A 
linear fit to the stimulus-response data in the 1 D to 3 D range typically gives a slope 
of close to one with a small y intercept. 
In continuous mode, the subject then views the target at the intermediate stimulus 
distance. The focusing lens position is manually adjusted to give an output voltage 
equivalent to the midpoint of the positive slope of the waveform corresponding to this 
stimulus distance (Figure 2.21d). A 2 second sample of continuous voltage data is 
taken from the Autoref R-1. This voltage data is the direct equivalent of the static 
response at this stimulus distance. When the subject increases their accommodation 
level from this set-point, the voltage output from the R-1 increases, which is the 
equivalent of the set-point moving further up the positive slope of the waveform 
(Figure 2.2le). When the subject reduces accommodation level with respect to the set-
point, the voltage output diminishes. 
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Figure 2.21: A schematic representation of the calibration method used with the 
Autoref R-1 to allow continuous recording of accommodation (from Davis et al. 1993). 
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The continuous data is then converted from a voltage to an equivalent focusing lens 
position by using the polynomial curve fit for the waveform. This position value is the 
equivalent of the amount the waveform would have shifted to produce the measured 
change in output voltage (Figure 2.21a and e). The position values are then converted 
to accommodation values by using the focusing lens position to accommodation 
response relationship obtained from the static mode measurements (Figure 2.21a, b 
and c). 
Once this reference voltage level is set, neither the internal focusing lens nor the 
joystick controlled focus on the subject's eye should be altered. Because the focusing 
lens is now stationary, the output voltage signal will only vary due to changes in 
accommodation, as the focus at the plane of the detector masks varies. 
Accuracy of the calibration method 
The accuracy of static shot measurements using the Autoref R-1 are influenced by the 
normal accommodative microfluctuations. Each single accommodation (refractive 
error) measurement takes about 200 ms, whereas normal microfluctuations have an 
amplitude about 0.25 D and have temporal frequencies of <2 Hz (Charman and Heron 
1988; Winn and Gilmartin 1992). Therefore measurements in static shot mode will 
occur faster than a complete microfluctuation cycle and will potentially have a range of 
up to 0.25 D. To compensate for this variability, three static shots are taken and 
averaged. 
The calibration method relies on the assumption that the waveform produced by the 
Autoref R-1 from the reflected infrared beam is the same shape and amplitude for the 
one subject at all target distances. Davis et al. (1993) report that for any given subject 
the waveform shape and amplitude is consistent across a broad range of 
stimulus/response levels. However, the waveform amplitude varies substantially 
between subjects, presumably because of individual differences in media 
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characteristics or retinal reflectance. For this reason it is not possible to achieve a 
"universal" calibration for all subjects with the calibration method. 
Time series analysis of accommodation signals 
Any continuous signal can be considered as being composed of a one or more 
sinusoidal waveforms, which may vary both in amplitude and phase. The 
mathematical analysis of these component sinewaves is termed Fourier analysis and 
the algorithms currently used in conducting these analyses are called Fast Fourier 
Transforms (FFTs) (Cooley and Tukey 1965). 
Analysis of steady-state dynamics of accommodation have typically used Fourier 
analysis of the accommodation signal to investigate the patterns of cyclic change 
within the signal. The results of these FFTs are usually presented as power spectra; the 
power spectrum of the signal is a plot of the square of the amplitude of the sinewave 
components versus the frequency of these components. 
The ability of the power spectrum to resolve the frequency of the Fourier components 
is determined by the time length (t) of the signal analysed. The resolution is l/t, where 
t is the time length in seconds. Therefore a 10 second accommodation signal has a 
frequency resolution of 0.1 Hz (ie. each frequency bin of the power spectrum is 0.1 
Hz wide). 
The sampling frequency necessary to achieve a valid characterisation of the Fourier 
components is termed the Nyquist frequency. This sampling frequency is twice the 
frequency of the highest frequency present in the signal. In the case of accommodation 
signals, 2.5 Hz is the upper limit of most reported power spectrum analyses of steady 
state accommodation signals. Therefore a sampling frequency of at least 5 Hz is 
necessary to exceed the Nyquist frequency. Sampling the signal too slowly 
(undersampling) can result in erroneous characterisation of the frequency distribution 
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of the signal (ie. aliasing) (Figure 2.22). 
The confidence in the power spectrum results are affected by the type of averaging 
which is conducted with the data. One option is to make multiple samples of the 
accommodation signal under identical conditions and then average the resultant power 
spectra. Alternately, a longer accommodation sample can be recorded and later divided 
into smaller segments. These segments can be consecutive or can have defined 
regions of overlap. Another method of improving the confidence in the power 
spectrum is to analyse a longer signal and then average adjacent frequency bins in the 
power spectrum (ie. smoothing). 
MEASUREMENT OF THE CARDIOPULMONARY CONTRIBUTION 
TO MICROFLUCTUATIONS 
Introduction 
The high frequency microfluctuations of accommodation have been shown to be 
correlated with arterial pulse by Winn et al. (1990) and later by Owens et al. (1991). 
In an extension of this work, the association between rhythms within the 
cardiopulmonary system and the microfluctuations of steady-state accommodation 
were examined by Collins et al. (1995b) and found to show correlations between 
respiratory rate and low frequency components of accommodation microfluctuations. 
Measurement technique for pulse and respiration 
The subjects' pulse and respiration rates were recorded using sensitive microphones at 
the same time as the continuous recording of accommodation. A microphone to 
amplify blood flow (pulse rate) was enclosed in the cup of a stethoscope and firmly 
taped over the external carotid artery on the right side of the neck. A microphone to 
measure respiration was attached to an adjustable probe and positioned just below a 
nostril. The signals from both the pulse and respiration microphones were fed into 
two separate channels of the analog to digital (A to D) board, also used to acquire the 
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L1t = 0.2s 
1s 
Figure 2.22: The influence of sampling frequency on the derived period of the 
signal. Undersampling at a 0.2 sec interval causes aliasing and an incorrect 
estimate of the period. Period would appear as 1 Hz when it is truly 4 Hz. 
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accommodation signal. An example of the three signals (accommodation, pulse and 
respiration) for subject AG is presented in Figure 2.23. 
The variability in pulse rate can be assessed through the instantaneous pulse rate, 
which is derived from the delay between consecutive heart beats (see Figure 2.23). 
This variability in pulse rate arises from the influence of various cardiopulmonary 
rhythms, such as respiratory sinus arrhythmia (Bernston, Cacioppo and Quigley 
1993). 
Fourier analysis 
Accommodation, pulse and respiration signals were sampled at a frequency of 25.6 
Hz (to give 1024 data points in a 40 s record), which was well above the Nyquist 
frequency. To analyse the cyclic changes in the acquired signals (accommodation, 
pulse, instantaneous pulse and respiration), a fast fourier transform (FFT) was 
employed and a power spectrum derived from the FFT. A Hamming window was 
routinely applied in the power spectrum analyses to filter the effects associated with 
the sudden start and finish of a discrete signal of fixed duration. 
To examine the variability of power spectra derived from accommodation records 
from the same subject (MS), three consecutive 40 s accommodation records were 
recorded under identical conditions. The power spectra derived from each record are 
presented in Figure 2.24. The distribution of peaks within the three power spectra 
were generally similar, although some relatively minor variations occurred in the 
peak's amplitude and frequency. 
Most previous analyses of accommodation microfluctuations have been limited to a 
temporal resolution of 0.1 Hz (each frequency bin is 0.1 Hz wide), since most 
subjects find it difficult not to blink in a period of longer than 10 s. To improve 
resolution of the power spectrum analysis the accommodation sampling time was 
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for subject AG (from Collins et al. 1995b). On they axes Dis dioptres, BPM is beats 
per minute and V is volts. 
40 
2.60 
0.00075 
N" 
:c 
~ 0.00050 ~ I 
c.. I 
I 
I 
0.00025 I I 
I 
I 
0.00000 
0.00 0.25 0.50 0.75 1.00 1.25 
Frequency (Hz) 
1.50 
Chapter 2 
Sample #1 
Sample #2 
Sample #3 
1.75 2.00 
Figure 2.24: Power spectra derived from three consecutive 40 s steady-state 
accommodation records. The records were acquired from the same subject 
under identical stimulus conditions (high contrast target at 2 D demand) 
(from Collins et al. 1995b). 
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extended to 40 s and a technique was developed for deleting blink artefacts from the 
record (Collins et al. 1995b). 
Blink artefacts in the accommodation record 
When a blink occurs during continuous accommodation recording, the Autoref R-1 
voltage output shows a sudden change in signal amplitude. The effect of this change 
in signal amplitude is an increase in power spectrum amplitude across a range of 
temporal frequencies. 
The technique for removal of the blink artefact from the accommodation record 
involves locating the start and finish of the blink artefact within the accommodation 
record. The data points encompassing the blink artefact were deleted from the 
accommodation record and replaced using an interpolated cubic polynomial function. 
The time span of blinks (about 250 ms) is small compared with the duration of 
normal microfluctuations of accommodation, therefore the interpolation technique 
does not significantly affect the power spectra. To minimise the potential effects of 
blink artefacts, no accommodation sample is used with more than 8 blinks in a 40 s 
sampling period. Eight blinks during a 40 s accommodation record requires 2.0 s 
(5%) of interpolated data. Adams and Johnson (1991) have reported a similar 
criterion for acceptance of interpolated data in accommodation records. 
Movement artefacts 
The effects of pulse and respiration on eye or body movements could potentially 
manifest as artefacts in the accommodation measurement technique and appear as 
"microfluctuations" of accommodation. Therefore a range of these potential artefacts 
have been investigated and found to have no significant influence on the recordings 
(Collins et al. 1995b ). 
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Pulse, instantaneous pulse rate, respiration and accommodation 
To illustrate the procedures involved, data analysis is presented for 40 sec 
accommodation, pulse and respiration signals from a subject (AG, aged 23 yrs), who 
was instructed to breathe normally. Accommodation, pulse and respiration records are 
presented in Figure 2.23 and the derived power spectra in Figure 2.25. The major 
peaks in the power spectrum arise in four regions; the lowest occurring below 0.06 
Hz, the second occurring at 0.125 Hz, the third at 0.275 Hz (peak B in Figure 2.25) 
and high frequency peaks (region A in Figure 2.25). Within the high frequency peaks 
the major peak occurred at 1.05 Hz, with smaller amplitude peaks at 0.95 Hz and 
1.175 Hz. 
The pulse rate power spectrum is presented in Figure 2.25. The major peak of the 
pulse rate power spectrum (l.075 Hz) closely matched the major high frequency peak 
of the accommodation power spectrum (region A in Figure 2.25). The smaller 
adjacent high frequency peaks in the pulse and accommodation power spectra (in 
region A) also show good correlation. 
The instantaneous pulse rate was calculated by measuring the time elapsed between 
each consecutive pulse beat over the 40 s sample time (Figure 2.25). The power 
spectrum of the instantaneous pulse rate showed a pair of adjacent peaks (peaks at B), 
corresponding approximately to a low frequency peak of the accommodation power 
spectrum (peak B). The major low frequency peaks at 0.125 Hz (peaks at C) in both 
the accommodation and instantaneous pulse rate power spectra also showed good 
agreement. 
In the respiration power spectrum (Figure 2.25) the major peak occurs at 0.30 Hz. 
This peak shows close correlation with a major accommodation microfluctuation peak 
at 0.275 Hz (peak B) and a peak in the instantaneous pulse rate power spectrum at 
0.325 Hz (peaks at B). For respiration and instantaneous pulse rate rhythms there was 
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Figure 2.25: Power spectra for data for subject AG, shown in Figure 2.23 
(from Collins et al. 1995b). 
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also clear correlation in the original signals (Figure 2.23). 
Conclusions 
There are two regions of the steady-state accommodation power spectra which have 
demonstrated coherence with rhythms in the cardiopulmonary system (Collins et al. 
1995b). These regions included a low frequency peak corresponding to the 
respiration/sinus arrhythmia cycle and a high frequency peak corresponding to the 
vascular pulse cycle. Therefore to study the effect of spherical aberration on the 
microfluctuations of accommodation requires careful control of the contribution of the 
cardiopulmonary system. By simultaneously recording accommodation, pulse and 
respiration, it should be possible to identify the contributions of these components to 
any power spectrum analysis of steady-state accommodation. 
2.6 MODIFIED VERTOMETER SYSTEM 
Introduction 
A modified vertometer system was developed to measure the power profile across the 
optic zone of rigid contact lenses used in experiments in Chapter 4. The measurement 
of spherical aberration in contact lenses requires a method of deriving the back vertex 
power at various distances across the diameter of the lens. The vertometer is the 
traditional instrument used in the measurement of contact lens back vertex power and 
one method of measuring lens power away from the centre is to make use of the 
Scheiner principle. In the Scheiner method, two pencils of light pass through regions 
equidistant from the centre of the lens (at given ray heights) and on a chord passing 
through the optical centre of the lens. 
The use of the Scheiner method to measure contact lens power with a vertometer was 
first reported by Buckingham and Lowther (1982). The Scheiner technique reported 
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by Buckingham and Lowther (1982) and Meier and Lowther (1984) made use of an 
opaque PMMA lens mount whose convex surface curvature matched the sample 
lenses' back surface curvature. Two pinholes were drilled through the PMMA mounts 
at a variety of separations to create a series of Scheiner separations. 
A pencil of light passing through a lens at a particular ray height will produce both a 
sagittal and a tangential focus, however if the lens has no spherical aberration both the 
sagittal and tangential power will coincide. If a conventional contact lens is decentred 
to measure the lens power through a conventional vertometer stop (3 to 5 mm 
diameter), the vertometer target has both a sagittal and tangential image, which are 
orthogonal. The difference between the central power and the tangential power (D) 
will be three times the difference between the central power and the sagittal power (D) 
( Charman and Walsh 1986; Bennett 1988b). 
By placing two small pinholes equidistant from, and on a line perpendicular to the 
optic axis in a system containing a distant target and a lens, the lens will produce a 
single image only at the sagittal focus of the lens. When the vertometer power does 
not correspond with the sagittal focus, the image of the target will double and blur 
(Figure 2.26). This two pinhole configuration for the measurement of the sagittal 
power of the system is the Scheiner method. 
Sagittal powers are measured to a relatively high degree of accuracy with the Scheiner 
principle because the accuracy of the measurement procedure is aided by the 
separation between the Scheiner pinholes (the greater the pinhole separation, the more 
accurate the reading) (Plakitsi and Charman 1992). Also the measurement procedure 
is an alignment task which can be achieved with a high degree of precision. 
A problem of any Scheiner vertometer system is the measurement of central back 
vertex power. In practical terms, Scheiner pinholes are not effective when their 
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diameter is less than 0.75 to 1 mm because of the limitations on target resolution 
imposed by diffraction effects. Two 0.75 mm pinholes, touching at one edge, cover 
1.5 mm of the central optic zone of the lens, but the doubling method is less accurate 
for smaller Scheiner separations. For central measurements it is generally more 
accurate to use a small diameter, single central aperture (Plakitsi and Charman 1992). 
The diameter of the central aperture determines the region of the lens over which the 
power is being averaged. In the case of aspheric contact lenses, with rapidly changing 
power across the lens optic zone, the smaller the aperture through which the power is 
measured, the more accurate is the reading (ie. less power change within the 
measurement zone). 
This need for the smallest possible central measurement aperture is confounded by the 
increased depth-of-focus resulting from the use of small apertures. In general terms, 
there is an inversely proportional relationship between aperture size and depth-of-
focus. Plakitsi and Charman (1992) concluded that a central aperture of about 1.5 to 
2.0 mm was a good compromise between the limitations of the depth-of-focus and 
the smallest possible aperture size. 
The following description outlines the design of the Scheiner vertometer which was 
used to provide measurements of the spherical aberration present in the rigid contact 
lenses used in the experiments described in Chapters 4 and 6. These rigid lenses were 
manufactured by Capricomia Contact Lens Co. (Brisbane, Australia) with a spherical 
back optic zone and an aspheric front optic zone. 
Methods 
Lens measurement 
The measurement system comprises a standard projection vertometer, wet cell, 
Scheiner discs, shaft encoder, computer interface and analysis software. The rigid lens 
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to be measured is placed in a wet cell which is designed to fit onto the mount of a 
projection vertometer (Figure 2.27). 
Scheiner discs have been fabricated with apertures of 1 mm diameter, at separations 
(centre to centre) from 2 to 8 mm in increments of 1 mm. Discs with single central 
apertures of 1.0, 1.5 and 2.0 mm are also used for central power measurements. All 
discs fit precisely into the lid of the wet cell, so that the pinholes are repeatably 
equidistant from the centre of the lens. 
The lenses were placed concave down and centred on the bottom glass plate of the wet 
cell. The cell is used dry (ie. in-air) for measuring rigid lenses. By observing the edge 
of the lens relative to the edge of the base of the wet cell from directly above or below, 
any decentration is easy to detect. To further ensure the accuracy of centration of the 
contact lens and Scheiner pinholes, the measurements began with a single central 
aperture (1.5 mm). If the optical centre of the lens is not coincident with the single 
central aperture, then the vertometer target appears displaced on the vertometer screen 
(ie. a prismatic effect). Since the Scheiner discs are designed to fit into the same space 
in the lid of the wet cell, a good level of accuracy in their position relative to the centre 
of the lens is achieved. 
By positioning the Scheiner pinholes after the contact lens in the vertometer beam path 
(Figure 2.28), the ray height at the front surface of the lens is known. Rays passing 
through the pinholes must be collimated to achieve focus on the vertometer screen. 
Ray trace 
The scale on a vertometer is calibrated to give the back vertex power of an optical 
system in-air, resting on the stop provided with the instrument. Due to the addition of 
the wet cell (in this case the bottom glass plate) to the vertometer' s optical path, the 
calibrated scale on the vertometer does not give the true lens back vertex power in-air 
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Figure 2.27: The design of the wet cell (from Collins et al. 1996). 
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This diagram shows how, for a ray trace up 
to the front surface of the lens, with the 
condition that the vergence must be zero 
after that surface, there is more than one 
combination of lens thickness and front 
surface curvature possible to achieve the 
same solution. 
Surface © is the real front surface of the 
lens, which changes the vergence below the 
surface to zero above the surface. 
Surface ® causes the same vergence 
change after a lesser lens thickness and with 
a flatter surface curvature. 
Surface a> causes the same vergence 
change after a greater lens thickness and 
with a steeper surface curvature. 
Figure 2.28: The problem involved in deriving the accurate back vertex power 
of a contact lens at a given Scheiner disc separation in a wet cell when the lens 
thickness and surface curvatures are not known at the ray height of interest (from 
Collins et al. 1996). 
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and simple ray tracing calculations are necessary. 
Knowledge of the lens back optic zone radius (BOZR), centre thickness, central front 
surface sagittal height (ie. back surface sagittal height+ centre thickness), and 
refractive index is required for the following process of determining the lens' spherical 
aberration. The BOZR of the rigid lens was measured with a radiuscope, the 
sphericity of the back optic zone was checked using a radiuscope and Toposcope™, 
centre thickness and central front surface sagittal height were measured with a 
micrometer gauge and refractive index was supplied by the manufacturer. 
Vertometer readings of the lens were then taken with the central 1.5 mm aperture. The 
value obtained is the vergence at the bottom of the wet cell's glass base plate CLg), 
which corresponds to the position of the stop supplied with the vertometer. This is the 
starting point of the ray trace. The angular deviation of a paraxial ray is calculated as it 
passes through the bottom and top surfaces of the glass plate, using Snell's law 
(n sin i = n' sin i'). The central back surface power of the lens is calculated from the 
lens' BOZR and refractive index. Simple vergence calculations are then used to find 
the vergence below the front surface of the lens. Because the vergence after the front 
(top) surface of the lens is known to be zero, the apical radius of the front surface 
(FOZR) and therefore central front surface power can then be calculated. Finally a 
forward ray trace is performed to determine the central back vertex power of the lens 
in-air. 
The ray trace to derive the sagittal back vertex power for the various Scheiner disc 
separations is similar to the paraxial ray trace up to the back surface of the lens, but 
after that it differs. The vergence after the front surface of the lens is zero, however the 
physical position (sagittal height) of the front surface of the lens at any ray height is 
unknown (ie. the front surface could be spherical or aspherical), aside from centrally 
where the front surface sagittal height was measured. The change in vergence at the 
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front surface of the lens could be due to any number of combinations of lens thickness 
and front surface curvature (Figure 2.28). Therefore a method for obtaining a power 
profile across the optic zone was necessary. 
Algorithms are used to derive the power profiles of any lens based upon known lens 
parameters including BOZR, apical FOZR, centre thickness and refractive index. 
Theoretical power profiles are calculated for all possible front surface asphericities or 
Q-values. The result is a range of vergences (Lg, below the bottom glass plate) for 
specific Scheiner pinhole separations. Given the FOZR and lens centre thickness there 
is a unique FOZQ (front surface asphericity) that will best correspond with the 
measured Lg for each Scheiner disc separation. The derived front surface Q values can 
then be used to calculate an in-air back vertex power profile for the lens. The accuracy 
of each FOZQ value is limited by the accuracy of the central back vertex power 
measurement and by the separation of the pinholes used, as wider separations give 
more accurate Q estimations. 
One limitation of current vertometers, in terms of accuracy of power measurements, 
is the relatively coarse power scale (mostly 0.125 D which can be interpolated to a 
reasonable approximation of 0.06 D steps). This problem can be partly overcome 
through the use of a shaft encoder, which attaches directly to the power drum of the 
vertometer. The shaft encoder produces a digital output which corresponds to the 
amount of revolution in the power drum. There is a linear relationship between the 
shaft encoder read-out and the vertometer power reading. For this system there are 
approximately 80 digital shaft encoder increments for each dioptre of vertometer 
power. 
Computer-interface 
There is a direct computer linkage to the vertometer which allows the shaft encoder's 
digital data to be acquired by the computer, then converted to an in-air lens power 
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value by performing ray trace calculations in software. The speed of taldng each 
reading also makes it feasible to make a large number of repeated readings for any 
given Scheiner disc separation or central aperture diametrer. This improves the 
accuracy of the results. 
The shaft encoder is mounted directly onto the focusing mechanism of the vertometer, 
and has a number of pulsed outputs which feed into a quadrature detector. The 
quadrature detector then decodes the inputs from the shaft encoder to give two 
outputs, one for direction and one pulsed output to monitor the position or speed of 
rotation. These signals are fed directly into a 4 digit add/subtract binary coded decimal 
(BCD) counter to give a number which is acquired by the input/output (I/O) card in 
the computer and converted to a vertometer reading via a calibration equation 
previously defined (Figure 2.29). 
Each shaft encoder reading is acquired by simply focusing the vertometer target and 
hitting the space bar of the computer keyboard. The user can take as many readings as 
desired at any given Scheiner disc pinhole separation; the number of readings are 
displayed on the screen. The software automatically displays a running mean power 
and standard deviation of the vertometer readings for the given Scheiner separation. 
After the appropriate lens parameters are entered, the software can convert the 
acquired readings to in-air lens powers. 
Precision of readings 
To investigate the reliability of the power measurements a series of twenty repeated 
readings were taken for each of the three central single apertures ( 1.0, 1.5 and 2.0 
mm) and the eight Scheiner discs (separations of 1 to 8 mm in 1 mm increments). 
The repeated readings were taken through the "dry" wet cell, with no lens or saline 
within the cell. 
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Figure 2.29: Schematic representation of the computer-interface of the vertometer 
(from Collins et al. 1996). 
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The results of the repeated power measurements (no lens in the system) were plotted 
as the mean ±SD of the twenty readings (Figure 2.30) and show the expected increase 
in standard deviation associated with increased depth-of-focus for smaller central 
apertures and improved standard deviations for greater Scheiner pinhole separations. 
For power measurements with Scheiner separations greater than 3 mm, the standard 
deviations were ±0.03 D to ±o.07 D. For more central measurements with either a 
single aperture or Scheiner discs, the reliability of the results diminishes substantially. 
These results with 1 mm pinholes are consistent with those previously reported by 
Plakitsi and Charman (1992) for 0.75 mm pinholes. For various rigid lenses in-air, 
the standard deviations for twenty central power readings (2 mm central aperture) 
ranged from ±0.05 D to ±0.09 D. 
Accuracy of system 
An alternative to optical measurement of the contact lens power profile is to physically 
measure the lens surf aces and then use these surf ace profiles in ray tracing 
calculations. Measurements were made of three rigid lenses with the Rank Taylor-
Hobson Form Talysurf-50. 
With the Talysurf-50, the lens surfaces were traversed by a stylus which has a tip 
diameter of 2 µrn, attached to a pickup with an output resolution of 16 nm of sagittal 
height. The data were fitted with an elliptical curve to determine the apical radius (r0 ) 
and asphericity (Q) of the surface. These values, determined for both surfaces of the 
lens, were used in a simple ray tracing procedure to calculate the local sagittal power 
of the lens at any ray height. This ray tracing procedure requires known values for the 
lens centre thickness (measured with a digital micrometer) and refractive index. 
There was good agreement between the power profiles calculated from the Talysurf 
measurements and those measured with the vertometer system (Figure 2.31). The 
discrepancies in readings between techniques were typically less than 0.25 D and they 
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on the standard deviation of the vertometer readings (from Collins et al. 1996). 
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Figure 2.31: Power profiles of rigid lenses measured op ti call y with the modified 
vertometer system and by calculating the lens power from physical measurements 
of the surfaces with the Talysurf. Vertometer power readings show± one S.D. 
(from Collins et al. 1996) 2.78 
were of similar magnitude for central readings and readings at wider pinhole 
separations. 
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CHAPTER 3 
MONOCHROMATIC 
ABERRATIONS AND THE 
EFFECT OF ACCOMMODATION 
EXPERIMENT 3.1 
THE EFFECT OF ACCOMMODATION ON 
MONOCHROMATIC ABERRATIONS IN FELLOW EYES 
Introduction 
The monochromatic aberrations of the human eye are known to vary considerably 
between individuals. However little is known about the similarity in monochromatic 
aberrations between the right and left eyes of an individual and how the aberrations in 
both eyes change as a function of accommodation level. 
An early study by Jenkins (1963) used peripheral retinoscopy to measure the 
correspondence in aberrations between the fellow eyes of 31 subjects. About 20 
percent of these subjects had close correspondence between eyes in the aberrations 
present, about 50 percent had limited correspondence and the remaining 30 precent 
had little correspondence. The peripheral retinoscopy technique provides a relatively 
coarse estimate of the aberrations present, but can estimate the local sign and 
magnitude of refractive power in the central and four peripheral quadrants of the pupil. 
Sivak and Kreuzer (1983) presented data for defined light paths through the right and 
left in vitro crystalline lenses of two individuals. They found some correlation in the 
local refractive power across the lenses in both eyes of the same individual. However 
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the relevance of in vitro data of this type is difficult to gauge. 
The first detailed information on the correspondence in monochromatic aberrations 
between the right and left eyes was provided by Campbell et al. (1990). 
Measurements were made using a vernier alignment technique along the horizontal 
meridian of the pupil. The results showed substantial similarity in both the type and 
magnitude of the aberrations present in the fellow eyes of all three subjects. This was 
true for a subject with predominant spherical aberration and for a further subject with 
predominant coma, while the third subject had little aberration in either eye. 
The following study was undertaken to examine the changes in monochromatic 
aberrations associated with accommodation in both right and left eyes of the same 
individual. Monochromatic aberrations were measured in both the right and left eyes 
of a group of eleven young subjects using the aberroscope technique, at 
accommodation response levels ranging up to a maximum of 6 D, in 1 D steps. 
Methods 
Subjects 
Eleven young subjects participated in the study. Their distance refractive errors ranged 
from -4.25Dto+1.00 D and their ages ranged from 18 to 21 years (see Appendix 2). 
None of the subjects had substantial anisometropia, with the largest refractive error 
difference between eyes of any individual being 0.5 D. Most subjects had little or no 
astigmatism, the highest level of astigmatism being 0.75 D. The subjects were 
screened to ensure they had no significant ocular media changes. The experiment was 
conducted on two days; the first session for measurements on the right eye and the 
second session for measurements on the left eye. 
Dilation of the subject's pupil was achieved through the instillation of one drop of 
benoxinate followed by one drop of phenylephrine (2.5% ). Only the eye to be tested 
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was dilated. All subjects were screened before instillation of the ocular drugs (see 
Chapter 2). The level of dilation was then monitored during the following 40 mins and 
if insufficient dilation occurred, another drop of phenylephrine (2.5%) was 
administered. 
Controlling the accommodation level 
The subject was seated at the Canon Autoref R-1 and accommodation readings were 
taken from the tested (dilated) eye while the fellow eye viewed an accommodation 
stimulus through a Badal system. The subject was instructed to focus on the 
accommodation target while it was moved slowly away from the eye (towards the 
subject's far point) until the target just blurred. Autoref measurements were taken 
from the dilated eye at this 0 D accommodation level corresponding to the subject's far 
point (ie. the subject's distance refractive error). The accommodation target was then 
moved toward the Badal lens (ie. increasing negative vergence at the eye) while 
repeated accommodation readings were taken from the dilated eye (see Figure 2.2). 
The accommodation target positions were found which most accurately induced each 
single dioptric step of accommodation response (above the subject's distance refractive 
error) up to the maximum accommodation response (Figure 3 .1 a, b). Three or four 
accommodation readings were taken at each final dioptric step position and the 
standard deviation of these readings ranged up to a maximum of ±0.4 D, but was 
normally less than ±0.2 D for all subjects and all accommodation levels tested (Figure 
3.la,b). 
Throughout the process of deriving accommodation response levels, an aberroscope 
grid (identical to the one used in photography) was projected onto the dilated eye's 
retina. This was done to simulate the binocular ( dichoptic) conditions encountered by 
the subjects during the photography phase of the experiment, however the aberroscope 
grid itself is considered to provide little accommodative stimulus (Howland and 
Howland 1977). The overlap of the aberroscope grid and the accommodation target in 
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Figure 3.1 a: The accommodation response for subjects (CA, OS, DV, JT, MJ and 
LM) for both right and left eyes in the aberroscope-Autoref R1 simulation. The dash 
line is the ideal slope of one. Error bars are ±1 S.D. 
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Figure 3.1 b: The accommodation response for subjects (RB, MP, SA, RC and 
ST) for both right and left eyes in the aberroscope-Autoref R1 simulation. The dashed 
line is the ideal slope of one. Error bars are ±1 S.D. 
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the dichoptic field of view was adjusted by altering the angle of a mirror which 
directed the accommodation target to the fellow eye (see Figures 2.2 and 2.6). As 
accommodation level increased, the consensual change in convergence necessitated 
realignment of the mirror to maintain the dichoptic overlap of the aberroscope grid and 
accommodation target. 
The subject was then seated at the Zeiss (FK50) retinal camera with the camera 
aligned with the dilated eye and the Badal accommodation stimulus system aligned 
with the fellow eye. The far point was again determined through the Badal system and 
this value was compared with the far point position recorded during the Autoref R-1 
measurements. Any difference in these target positions was corrected by moving the 
distance of the Badal lens system relative to the eye. 
The subject then fixated the centre of the aberroscope grid pattern while the Badal 
accommodation target was positioned overlying the grid pattern in dichoptic view (see 
Figure 2.6). The subject was asked to keep the accommodation target letters in focus 
but to maintain fixation on the centre of the aberroscope grid pattern. Accommodation 
levels were presented with increasing magnitude (ie. from 0 D to the maximum 
accommodation response level) during each measurement session. It was relatively 
simple for the subjects to maintain focus on the accommodation target since the 
aberroscope grid had such a large depth of focus that it created little conflict in the 
focusing task. 
A further check on the accuracy of the subject's accommodation level came through 
the observer's view of the "squareness" of the centre of the aberroscope grid image on 
the retina through the retinal camera. With the appropriate correcting lens in the 
aberroscope beam path, the central matrix of the aberroscope grid should appear 
approximately square if the appropriate level of accommodation is used by the subject. 
The observer's sensitivity to this symmetry of the aberroscope grid image was 
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probably in the order of 0.25 to 0.5 D. 
Aberroscope photography and analysis 
A series of 2 to 4 aberroscope grid photographs were taken for each accommodation 
level and the results averaged. The largest possible aberroscope grid matrix was 
analysed for each aberroscope photograph and only grids with a minimum matrix of 4 
x 4 intersections were analysed. The monochromatic aberrations results for each 
subject were subsequently calculated for a pupil size of 4 mm to allow direct 
comparison between subjects and accommodation levels. The procedures for analysis 
of the aberroscope grids were outlined in Chapter 2. 
Results 
Data set 
The complete data sets for the 11 subjects are presented in Appendix 2 and for each 
accommodation level include the Taylor coefficients, MSE of the wavefront, third-
order components, fourth-order components, LSA and Zernike coefficients. Results 
for most subjects included aberroscope photographs taken with accommodation 
responses up to 4 or 5 D in each eye. Aberroscope photographs could be taken for one 
subject (RB) with accommodation levels up to 6 Din each eye. However for some 
subjects, the miosis associated with accommodation limited the accommodation range 
of aberroscope photographs to 1 or 2 D (eg. subject RC). 
For each subject and each accommodation level, the wavefront aberration was plotted 
as a (pseudo) three-dimensional wavefront error (Appendix 2). This method of 
presentation of the aberrations allows the complexities of the monochromatic 
aberrations to be visualized and related to the elements of the wavefront polynomial. 
The effect of accommodation 
To assess the overall effect of accommodation on the monochromatic aberrations, the 
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right and left eye data were averaged for all subjects and analyses of variance (one-
factor, repeated-measures) were used to investigate the relationship between 
accommodation level and components of the monochromatic aberrations. Since the 
analysis of variance requires data for each accommodation level for each subject, the 
data set included in this statistical analysis (and subsequent analyses of variance) was 
reduced to seven subjects for the accommodation range from 0 to 5 D. In this data set, 
the right and left eye data were averaged if data were available for both eyes, otherwise 
data from only one eye was used. 
The interaction between accommodation and LSA for all 11 subjects is presented in 
Figure 3.2 and demonstrates a regular change towards more negative spherical 
aberration with increasing accommodation. LSA showed a highly significant 
interaction with accommodation level (Fs,6=11.9, p=0.0001) for the 7 subjects with 
complete data from 0 to 5 D. As accommodation level increased the group mean LSA 
level changed in a regular trend from slightly positive LSA for 0 D accommodation to 
increasingly negative LSA with accommodation levels above 2 D. 
Accommodation's influence on the third-order components of the wavefront deviation 
is presented in Figure 3.3. The third-order components did not demonstrate a 
statistically significant interaction with accommodation level (Fs,6=2.1, p=0.09). 
However, in general terms the level of third-order aberrations appeared higher for the 
3 to 5 D accommodation levels than for the 0 to 2 D levels (Figure 3.3). For example, 
a post-hoc Sheff e's S test on the level of third-order components showed the 
difference between the 0 D accommodation level and 3 D accommodation level to 
approach significance at p=0.07. 
Analysis of the effect of accommodation on lateral coma (C7) and vertical coma (Cg) 
Zernike coefficients showed little systematic change (Figure 3.4). The standard 
deviation of the lateral coma coefficient (C7) does however show a regular and 
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Figure 3.4: The interaction between lateral and vertical coma 
and accommodation. The C7 and CS coefficients include sign 
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Data are the group mean(± S.D.) and relate to a 4 mm pupil. 3.11 
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substantial increase in magnitude with higher accommodation levels. 
A factor which complicates the interpretation of these data is the sign of the Zemike 
coefficient, which indicates the direction of deviation of the wavefront. For example, a 
positive C7 coefficient in the right eye indicates a deviation of the wavefront toward 
the retina on the temporal side and a negative C7 coefficient in the left eye indicates a 
deviation of the wavefront toward the retina on the temporal side. Therefore an equal 
increase in the positive C7 coefficient in the right eye and the negative C7 coefficient in 
the left eye would effectively cancel each other in mean data from the right and left 
eyes. To study changes in the magnitude of the Zemike coefficients (irrespective of 
sign) with accommodation, the coefficients were squared and to study the interactions 
between magnitude and sign of the coefficients, correlations were performed between 
right and left eye data. 
If the lateral coma C7 coefficient was squared to eliminate the influence of sign of the 
lateral coma (ie. nasal versus temporal direction of the coma), the interaction with 
increasing accommodation level suggested an overall increase in lateral coma 
magnitude (Figure 3.4). However analysis of variance shows that this interaction was 
not statistically significant (Fs,6=1.9, p=0.11). The vertical coma did not show any 
systematic trends with changes in accommodation, with or without squaring of the Cs 
coefficient. The other third-order Zemike coefficients C9 and C10 also showed little 
change with accommodation whether or not the coefficient was squared (Tables 3.1 
and 3.2). 
The total fourth-order components of the wavefront showed a highly significant 
interaction with accommodation level CFs,6=5.9, p=0.0006) and clearly increased in 
magnitude with higher levels of accommodation (Figure 3.5). This effect appears to 
largely result from the contribution of spherical aberration, since the C11 Zemike 
coefficient is the only fourth-order component of the wavefront which shows an 
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Table 3.1: Group mean Zernike coefficients as a function of accommodation level. 
0 11 0.0007200 -0.0090900 0.0123400 -0.0290495 0.0062132 -0.0089450 -0.0014568 0.0082723 0.0007059 
±0.0417049 ±0.0451598 ±0.0305727 ±0.0483164 ±0.011588 ±0.0139297 ±0.0068318 ±0.0104407 ±0.0105305 
11 -0.0139036 -0.0219605 0.0220309 -0.0410923 0.0057718 -0.0076991 -0.0005123 0.0122441 0.0007841 
±0.0328231 ±0.0340577 ±0.0375907 ±0.0491734 ±0.016976 ±0.01426 ±0.0096186 ±0.019547 ±0.00773 
2 10 -0.0027230 -0.0098225 0.0194130 -0.0424030 -0.0028085 -0.0155085 -0.0007455 0.0081247 0.0000665 
±0.0733304 ±0.0324641 ±0.0294671 ±0.0551313 ±0.0233635 ±0.0139702 ±0.0081247 ±0.0155771 ±0.010754 
3 8 0.0107540 0.0029975 0.0249056 -0.0548031 -0.0127894 -0.0090000 -0.0005787 -0.0081044 0.0020781 
±0.1156166 ±0.0411244 ±0.0658881 ±0.0502815 ±0.0239321 ±0.0178487 ±0.0121838 ±0.0130331 ±0.0119548 
4 7 -0.0100971 -0.0010179 0.0012293 -0.0678121 -0.0156414 -0.0106850 0.0042693 -0.0061457 -0.0003986 
±0.1029796 ±0.0413641 ±0.0641167 ±0.0520245 ±0.0242603 ±0.0214034 ±0.0091844 ±0.0142348 ±0.0070037 
5 3 -0.0769783 -0.0420717 -0.0000667 -0.0504767 -0.0156283 -0.0021383 0.0008767 -0.0138000 -0.0014617 
±0.126322 ±0.0293908 ±0.0907703 ±0.0413405 ±0.0370096 ±0.0163756 ±0.0013136 ±0.0242187 ±0.013204 
Values are the group mean of both right and left eyes (±S.D.) for a 3 mm pupil. 
Table 3.2: Group mean squared Zernike coefficients as a function of accommodation level. 
0 11 0.0015817 0.0019366 0.0010020 0.0029661 0.0001607 0.0002564 0.0000446 0.0001675 0.0001013 
±0.0024364 ±0.0025928 ±0.0011384 ±0.004662 ±0.0001999 ±0.000275 ±0.0000496 ±0.0002553 ±0.0001185 
11 0.0011727 0.0015367 0.0017700 0.0038868 0.0002953 0.0002441 0.0000844 0.0004973 0.0000549 
±0.0015332 ±0.0025831 ±0.0023926 ±0.004658 ±0.0005034 ±0.0003511 ±0.0001013 ±0.0010517 ±0.0000719 
2 1 0 0.0048470 0.0010450 0.0011583 0.0045335 0.0004992 0.0004162 0.0000600 0.0002407 0.0001041 
±0.0073933 ±0.0020881 ±0.0021935 ±0.0034389 ±0.0006513 ±0.0006229 ±0.0000487 ±0.000335 ±0.000112 
3 8 0.0118133 0.0014888 0.0044189 0.0052156 0.0006647 0.0003598 0.0001302 0.0002143 0.0001294 
±0.0153251 ±0.0022253 ±0.0050965 ±0.0044453 ±0.0005661 ±0.0007144 ±0.000249 ±0.0002943 ±0.0001705 
4 7 0.0091918 0.0014676 0.0035252 0.0069184 0.0007491 0.0005068 0.0000905 0.0002115 0.0000422 
±0.0080938 ±0.0017311 ±0.0044044 ±0.0085525 ±0.0008681 ±0.000726 ±0.0000643 ±0.0002093 ±0.0000506 
5 3 0.0165638 0.0023459 0.0054928 0.0036873 0.0011574 0.0001833 0.0000019 0.0005815 0.0001184 
±0.0279727 ±0.002381 ±0.0047654 ±0.0046713 ±0.0004677 ±0.0001313 ±0.0000032 ±0.0004125 ±0.00008 
Values are the group mean of both right and left eyes (±S.D.) for a 3 mm pupil. 
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Figure 3.5: Top - Group mean fourth-order components of the MSE of the 
wavefront deviation for both right and left eyes (± S.D.) of 7 subjects as a 
function of accommodation level. Data relate to a 4 mm pupil size. 
Bottom - Fourth-order components of the MSE of the wavefront deviation 
as a function of accommodation for 11 individual subjects. Data are the mean 
of both right and left eyes and relate to a 3 mm pupil size. 3 .15 
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obvious increase in magnitude with higher accommodation (Tables 3.1and3.2). The 
C12, C13, C14 and C15 fourth-order Zernike coefficients showed little interaction with 
changing accommodation level, whether or not the coefficient was squared to 
eliminate sign effects on the group's mean. 
The total mean-squared-error of the wavefront also showed some interaction with 
accommodation level (Fs,6=3.9, p=0.06) and as the accommodation level increased, 
the mean-squared-error also increased (Figure 3.6). Post-hoc Scheffe's S tests on the 
individual accommodation levels showed only one significant difference in mean-
squared-error of the wavefront between the 0 D and 3 D accommodation levels 
(p=0.05). 
The trends evident in the mean-squared-error data were reflected in the Marechal limit 
of the pupil data which showed a gradual decrease in size as accommodation level 
increased (Figure 3.7). For the unaccommodated (0 D) state, the mean Marechal limit 
was 3.37 mm (S.D.±0.43) and declined to be 2.74 mm (S.D.±0.37) at the 5 D 
accommodation level (df=6, t=2.3, p=0.06). 
Correlation between eyes 
The correlation between monochromatic aberrations in the right and left eyes of the 
same subject was investigated by pooling the data across accommodation levels. LSA 
in each eye showed a relatively high correlation across all accommodation levels, 
while mean-squared-error showed only moderate correlation (Figure 3.8). Both third-
order and fourth-order components of the wavefront showed little correlation for the 
data set encompassing all subjects and all accommodation levels (Figure 3.9). 
To further investigate the agreement between the right and left eyes' LSA, these data 
were plotted (Figure 3.10) using the method described by Bland and Altman (1986). 
This technique provides an illustration of the difference between right and left eyes 
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Figure 3.6: Top - Group mean MSE of the wavefront deviation for both right 
and left eyes (± S.D.) of 7 subjects as a function of accommodation level. 
Data relate to a 4 mm pupil size. 
Bottom - MSE of the wavefront deviation as a function of accommodation for 
11 individual subjects. Data are the mean of both right and left eyes and relate 
to a 3 mm pupil size. 
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Figure 3.7: The group mean change (±S.D.) in Man~chal limit with 
change in accommodation level. The Marechal limit of the pupil size 
arises when the rms wavefront deviation = 1 114 A; above this pupil size 
6 
the resolution of the eye is limited by the aberrations rather than diffraction. 
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Figure 3.8: Top - Corresponding right eye and left eye MSE (µm2) of the 
wavefront for all available accommodation levels for all 11 subjects (N = 51). 
Data relate to a 3 mm pupil. The correlation coefficient of the data is r = 0.26. 
Bottom - Corresponding right eye and left eye LSA (D) data for all available 
accommodation levels for all 11 subjects (N = 51). The correlation coefficient 
value for the data is r = 0.64. Data relate to a 3 mm pupil. 3.19 
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Figure 3.9: Top - Corresponding right eye and left eye third-order components (µm2) 
of the wavefront for all available accommodation levels for all 11 subjects (N = 51). 
The correlation coefficient of the data is r = 0.22. Data relate to a 3 mm pupil. 
Bottom - Corresponding right eye and left eye fourth-order components (µm2) 
of the wavefront for all available accommodation levels for all 11 subjects (N = 51). 
The correlation coefficient value for the data is r = 0.30. Data relate to a 3 mm pupil. 
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compared with two standard deviations of the differences. These data show that for 
most comparisons of right and left eyes' LSA, the differences were between± 0.2 D 
while the maximum difference was 0.7 D (at the edge of a 3 mm pupil). 
To allow statistical evaluation of the correlation in aberrations between eyes, the 
correlations between eyes for various aspects of the aberrations (LSA, MSE, third-
order components and fourth-order components) were investigated at each separate 
accommodation level (Table 3.3). Data could not be pooled for statistical analysis 
across all accommodation levels for all subjects since the multiple data points for each 
subject cannot be considered to be independent. 
In the unaccommodated condition (0 D), the correlation between fellow eyes in 
spherical aberration was relatively low compared with the remaining accommodation 
levels (Table 3.3). Interestingly it is at this same accommodation level that the fourth-
order component of the wavefront shows an atypically high correlation between eyes, 
suggesting a predominance of other fourth-order components of the wavefront rather 
than classical spherical aberration. Examination of the correlations between fellow eyes 
for the individual Zemike coefficients at this accommodation level showed that the C12 
Zernike coefficient (fourth-order component) had a high correlation. 
Of the Zernike coefficients, only the C11 coefficient showed a high correlation between 
right and left eyes (Table 3.4). The Cu coefficient is representative of spherical 
aberration and defocus in the wavefront. All of the remaining Zernike coefficients 
including the C7 (lateral coma) or C8 (vertical coma) coefficients showed little 
correlation between fellow eyes. This suggests that the increase in the squared C7 
(lateral coma) coefficent with accommodation (Figure 3.4) was not systematic (ie. 
corresponding or opposing C7 signs in fellow eyes). 
3.22 
Table 3.3: Correlation between the right and left eyes for LSA, MSE, 
and third-order and fourth-order components of the wavefront. 
N RA2 value RA2 value RA2 value 
0 11 0.01 0.03 0.00 
1 1 0.30 0.04 0.05 
2 1 0 0.69* 0.00 0.01 
3 8 0.29 0.17 0.16 
4 7 0.28 0.07 0.07 
N = Number of subjects, RA2 = Correlation Coefficient 
df = N - 2, * p < 0.01, **p < 0.001 
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RA2 value 
0.81** 
0.00 
0.06 
0.04 
0.00 
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Table 3.4: Correlations between right and left eye Zernike coefficients. 
Third-order 
components 
Fourth-order 
components 
C7 
ca 
C9 
C10 
C11 
C12 
C13 
C14 
C15 
0.00 
0.01 
0.10 
0.14 
0.41 
0.04 
0.06 
0.01 
0.02 
Lateral coma 
Vertical coma 
Sph. Aberration 
Data from 11 subjects for all accommodation levels up to 5 D. 
Total number of right and left data pairs was 51 (however each pair 
cannot be considered independent). 
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Discussion 
This study has extended the knowledge of the interaction between monochromatic 
aberrations and accommodation by substantially expanding the range of 
accommodation over which measurements were taken. There were significant changes 
in many of the components of the monochromatic aberrations of the eye as a function 
of accommodation level. Also by measuring the monochromatic aberrations in both 
eyes of each subject it was possible to investigate the relationship between 
monochromatic aberrations in each eye of an individual. Previously there has been 
very limited data available on the correlation in monochromatic aberrations between the 
eyes of an individual. Spherical aberration was the only component of the 
monochromatic aberrations which showed a strong correlation between eyes. 
Nature of the aberrations measured 
Like previous studies of monochromatic aberrations, the third-order (asymmetric) 
components of the aberrations were of greater magnitude than fourth-order 
(symmetric) components (Smirnov 1961; van den Brink 1962; Howland and Howland 
1977; Walsh et al. 1984; Campbell et al. 1990; Atchison et al. 1995; Collins et al. 
1995a). Table 3.5 illustrates the ratio of third-order to fourth-order components of the 
wavefront error for various studies, all of which show a surprising similarity in ratio 
of about 4:1fora5 mm pupil. As indicated by Howland and Howland (1977) and 
Atchison et al. (1995), this ratio would be expected to diminish with larger pupil sizes 
because the fourth-order components increase in magnitude four times as quickly as 
the third-order components with increasing pupil size. 
The results from the two eyes of each subject have been pooled and the group mean 
characteristics of the 11 subjects compared with the results from other studies which 
have used the aberroscope (Table 3.6). The Taylor coefficients derived from the 
aberroscope grids of the 11 subjects in this study were generally similar in magnitude 
to those derived at similar accommodation levels in previous studies using the 
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Table 3.5: Proportion of the mean-squared-error of the wavefront contributed by the third-order and fourth-order components. 
Walsh et al 1984 0 11 eyes 0.0261 0.0209 80% 
±0.0138 ±0.0123 
Howland and Howland 1977 0.5 - 1.5 28 eyes 82% 
Collins et al 1995 0 37 eyes 0.062 0.041 66% 
This study 0 11 subjects 0.0427 0.0334 78% 
±0.0452 ±0.0403 
MSE (mean-squared-error), third-order components and fourth-order components are all in µmA2. 
Data for Walsh et al (1984) and this study relate to a 5 mm pupil size (mean ±S.D.). 
0.0052 20% 
±0.0049 
18% 
0.021 34% 
0.0093 22% 
±0.0087 
Data for Howland and Howland (1977) relate to a 5mm pupil and were interpolated from their Figure 9. Subjects were from a group 
comprising the 25th to 75th percentile based on their wavefront MSE. 
Data from Collins et al (1995) relate to a pupil size of 4.5 mm. 
Atchison et al (1994) note that the proportion of third-order to fourth-order wavefront components of the MSE was about 4:1 for a 5 mm pupil. 
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Table 3.6: Group mean (±SD) Taylor coefficients (G to 0) derived through various studies of monochromatic aberrations. 
Accomm 
STUDY Level 
(D) G H 
Smirnov 1961* 0 -0.0380 -0.0380 
N=7 0.0555 0.0645 
Howland and Howland 1977 (0 - 1.5)# 0.0120 0.0070 
N = 55 0.0615 0.0925 
Walsh et al 1984 0 0.0004 -0.0297 
N = 11 0.0423 0.0481 
Collins et al 1995 0 0.0032 -0.0036 
Emmetropes 0.0485 0.0645 
N = 16 1.5 -0.0180 -0.0223 
0.0383 0.0759 
0 -0.0183 -0.0202 
Myopes 0.0504 0.0732 
N = 21 1.5 -0.0114 -0.0247 
0.0485 0.0627 
This Study 0 0.0043 -0.0339 
N = 11 0.0457 0.0551 
1 -0.0058 -0.0560 
0.0480 0.0651 
± S.D. appears in smaller case beneath the Taylor coefficients. 
* Smirnov (1961) data from Howland and Howland (1977). 
I 
-0.0240 
0.0640 
-0.0120 
0.0710 
-0.0121 
0.0609 
-0.0135 
0.0715 
-0.0152 
0.0566 
-0.0348 
0.0853 
-0.0278 
0.0748 
-0.0103 
0.0845 
-0.0319 
0.0766 
Taylor Coefficients 
J K L M 
0.0200 0.0180 -0.0070 0.0360 
0.0430 0.0290 0.0225 0.0320 
-0.0200 0.0080 0.0000 0.0090 
0.0745 0.0305 0.0260 0.0330 
0.0185 0.0111 -0.0077 0.0214 
0.0249 0.0183 0.0106 0.0322 
0.0298 0.0058 0.0020 0.0194 
0.0644 0.0367 0.0226 0.0419 
0.0181 -0.0065 -0.0033 0.0057 
0.0740 0.0379 0.0312 0.0259 
-0.0097 0.0006 0.0054 0.0061 
0.0565 0.0284 0.0168 0.0357 
-0.0252 -0.0061 0.0067 -0.0137 
0.0708 0.0212 0.0250 0.0381 
0.0005 0.0019 -0.0018 0.0049 
0.0526 0.0213 0.0167 0.0384 
-0.0073 0.0032 -0.0002 -0.0008 
0.0456 0.0243 0.0194 0.0442 
N 0 
-0.0020 0.0070 
0.0185 0.0335 
0.0010 0.0130 
0.0225 0.0280 
-0.0195 0.0086 
0.0200 0.0084 
-0.0059 0.0088 
0.0394 0.0364 
-0.0019 0.0098 
0.0307 0.0225 
-0.0011 -0.0019 
0.0292 0.0330 
0.0011 0.0008 
0.0231 0.0339 
-0.0029 0.0161 
0.0267 0.0233 
-0.0014 0.0153 
0.0194 0.0322 
# Howland and Howland (1977) data were collected using the subjective aberroscope technique. The accommodative response was presumed to 
be similar to the subject's tonic accommodation level. 
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aberroscope (Howland and Howland 1977; Walsh et al. 1984; Collins et al. 1995a). 
Coma and third-order components 
The wavefront plots in Appendix 2 highlight the complexity and unique nature of 
wavefront aberrations; both between individuals and across the accommodation range 
for an individual eye. Many of the subjects' wavefronts showed substantial coma-like 
aberrations at the higher levels of accommodation (for example subjects JT, SA, MJ, 
LM, CA and MP). Subject JT had coma-like aberrations in the right eye along a 
principal axis of about 45° and in the left eye along an axis of about 135° (Figure 
3.11). However at a 5 D accommodation level in the left eye, JT's wavefront showed 
predominantly negative spherical aberration. Subjects LM and MJ had little aberration 
present for low levels of accommodation but at higher accommodation levels the 
wavefronts displayed substantial coma-like aberrations (Figures 3.12 and 3.13). 
Interestingly, the lateral coma sign was the same in each eye (ie. the greatest deviation 
of the wavefront was nasal in the right eye and temporal in the left eye), which is the 
opposite of what would be expected if the coma was symmetrical (ie. mirrored about 
the midline) between eyes. In general, while there appeared to be some trend toward 
increasing levels of squared C7 Zemike coefficient magnitude with increasing levels of 
accommodation, this interaction was not statistically significant. 
The third-order components of the wavefront including coma can be induced by a 
variety of asymmetries in the optical system of the eye. These asymmetrical factors 
may include decentration or tilt of the optical components relative to the visual axis, 
retinal tilt relative to the visual axis, pupil decentration or asymmetrical variations in 
refractive power. Variability of pupil centration between subjects and within subjects 
as a function of pupil size (Walsh and Charman 1988a, Wilson et al. 1992) is likely to 
account for some natural variations in coma (Campbell et al. 1990); however the 
aberroscope technique will not detect the effect of natural pupil decentration since it 
requires drug-induced dilation of the subject's pupil. 
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Figure 3 .11: Wavefront aberrations for the right and left eyes of subject JT. 
The wavefront height is in microns (see legend in top right and left for orientation). 
The x axis (nasal - temporal) scale is 5 mm (ie. ±2.5 mm) and they axis 
(up - down) scale is also 5 mm (ie. ±2.5 mm) to represent a 5 mm pupil. 3.29 
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Figure 3.12: Wavefront aberrations for the right and left eyes of subject LM. 
The wavefront height is in microns (see legend in top right and left for orientation). 
The x axis (nasal - temporal) scale is 5 mm (ie. ±2.5 mm) and they axis 
(up - down) scale is also 5 mm (ie. ±2.5 mm) to represent a 5 mm pupil. 3.30 
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Figure 3.13: Wavefront aberrations for the right and left eyes of subject MJ. 
The wavefront height is in microns (see legend in top right and left for orientation). 
The x axis (nasal - temporal) scale is 5 mm (ie. ±2.5 mm) and they axis 
(up - down) scale is also 5 mm (ie. ±2.5 mm) to represent a 5 mm pupil. 3.31 
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It should be acknowledged that the aberroscope's ability to accurately measure the 
third-order components of the wavefront is limited by the method of locating the centre 
of the grid/entrance pupil and the need for artificial pupil dilation (see Chapter 2). For 
example, differences in the symmetry of dilation of the pupil in each eye of an 
individual could lead to apparent differences in third-order components of the 
wavefront in each eye. Because of this uncertainty it is difficult to know if the apparent 
lack of correlation in third-order components of the wavefront is partly a reflection of 
the limitation of the aberroscope technique. 
Spherical aberration and fourth-order components 
The normal adult emmetropic eye is considered to have positive spherical aberration 
when focused at infinity. For a 5 mm pupil, this positive spherical aberration has been 
reported to range from +0.25 D up to+ 1.5 D (Koomen et al. 1949; Jenkins 1963; 
Schober et al. 1968; Charman et al. 1978). As the level of accommodation increases, 
spherical aberration is reported to become more negative in dioptric power, with about 
-0.25 D to -1.00 D of spherical aberration reported at accommodation levels of 2.00 D 
for a 5 mm pupil (Jenkins 1963; Koomen et al. 1949). 
The results of this study also suggest that spherical aberration becomes progressively 
more negative in power with increasing accommodation. This trend was apparent in 
the results of 8 of the 11 subjects tested (see Figure 3.2) and the three remaining 
subjects showed little overall change in spherical aberration. There was no obvious 
distinguishing feature of the ocular characteristics of these three subjects (RC, ST and 
RB). Their refractive errors were close to emmetropia (RC and ST) or low hyperopia 
(RB). Collins et al. (1995a) have previously reported that myopes tend to have higher 
levels of negative spherical aberration than emmetropes, however this factor should 
not have unduly influenced the results of this study since only one of the subjects (DV) 
had significant myopia (about-4.00 Din each eye). 
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The magnitude of the group mean change in spherical aberration was relatively small 
compared with data from previous studies which may have included the contribution 
of other components of the wavefront ( eg. Ivanoff 1956; Jenkins 1963). Using the 
objective aberroscope technique, studies of both Atchison et al. (1995) and Collins et 
al. (1995a) found a similar group mean trend toward negative spherical aberration with 
higher accommodation. 
Previous studies of the effect of accommodation on the spherical aberration of the eye 
have been limited to maximum accommodation levels of about 3 D (Koomen et al. 
1949; Ivanoff 1956; van den Brink 1962; Jenkins 1963; Schober et al. 1968; Lu et al. 
1993; Atchison et al. 1995; Collins et al.1995a). Since this experiment has extended 
the range of accommodation further than previous studies, it is of interest to calculate 
the slope of the linear regression between group mean spherical aberration and 
accommodation. Spherical aberration magnitude is related to pupil size and for a 4 mm 
pupil size a linear regression on the individual spherical aberration versus 
accommodation level gave: 
y = 0.13 - 0.09x (R2 = 0.1), 
where y is spherical aberration (D) and xis accommodation level (D). A form of this 
equation which includes pupil size would then be: 
y = p2 (0.13 - 0.09x) /16, 
where p is the pupil size of interest. However it should be noted that the correlation 
coefficient (R2 = 0.1) is low and substantial individual variations are to be expected in 
relation to the group mean trend. 
The regression indicates that on average the spherical aberration of the eye changes 
from predominantly positive to a negative sign at about 1.4 D of accommodation. 
Interestingly this level of accommodation is similar to the tonic accommodation level of 
many eyes (eg. Leibowitz and Owens 1978; Heron, Smith and Winn 1981; Johnson, 
Post and Tsuetaki 1984). 
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Changes in corneal shape have not previously been shown to contribute to the change 
in spherical aberration resulting from increased accommodation. Studies using early 
photokeratoscopes by Mandell and St Helen (1968) and Kiely Poropat (1982) have 
found no significant changes in corneal topography as a result of accommodation, 
however the level of accuracy and precision of these early photokeratoscope 
techniques may not have been sufficient to detect changes of the order of magnitude 
which might be expected to occur. For example, if the change in spherical aberration 
were reflected by a change in corneal refractive power (for a 4 mm chord), the 
magnitude of change would be approximately 0.5 D for a 0 D to 6 D change in 
accommodation. 
The normal cornea is considered to be undercorrected for spherical aberration and 
therefore contributes positive spherical aberration to the total spherical aberration of the 
eye. The exact contribution of the crystalline lens to the total spherical aberration of the 
eye is unclear, but it probably contributes negative spherical aberration (Pierscionek et 
al. 1988; Pierscionek and Chan 1989). During accommodation the changes in shape 
and refractive index distribution within the crystalline lens are the most likely cause of 
higher levels of negative spherical aberration of the eye. The change in optical 
conjugates associated with increased accommodation may also contribute to changes in 
the spherical aberration of the eye, however the exact contribution is not clear. 
Marechal limit 
The Marechal criterion of the eyes studied showed a significant trend toward lower 
pupil size limits with higher accommodation levels (reflecting the overall increase in 
MSE of the wavefront). The Marechal limit of 3.4 mm (S.D.±0.4) for the 
unaccommodated eyes in this study is similar to the mean value of 3.3 mm reported by 
Walsh et al. (1984) and 3.1 mm reported by Collins et al. (1995a). At intermediate 
levels of accommodation, Howland and Howland (1977) found a median Marechal 
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limit of 2.8 mm which was substantially smaller than the level of about 3 .2 mm found 
in this study for a 1 D accommodation level. For levels of accommodation of 1.5 D 
and 3 D, Collins et al. (1995a) found Marechal limits in the range of 3.0 to 3.2 mm, 
similar to the values of 2.9 to 3.2 mm for the 1 to 3 D range in this study. 
The trend towards higher MSE and lower Marechal limits with increasing 
accommodation levels (p=0.06) has not previously been reported. Across a 0 to 3 D 
accommodation range, Collins et al. (1995a) found no significant changes in MSE and 
Marechal limit. However this probably occurred because of the relatively limited range 
of accommodation that was studied. The implications of increasing levels of 
monochromatic aberrations for higher levels of accommodation may be of importance 
for the study of refractive error development. The association between high levels of 
near work and myopia development is well documented (Working Group on Myopia 
Prevalence and Progression 1989). 
Studies of myopia using animals have provided significant evidence to suggest that eye 
growth is regulated by local mechanisms and that retinal image quality is important in 
this process (eg. Raviola and Wiesel 1985; Wallman, Gottlieb, Rajarman and Fugate-
Wentzek 1987; Wildsoet and Pettigrew 1988; Trolio and Wallman 1991). However 
while there is clear evidence from a variety of animals studies of myopia to suggest 
that optical imagery in some way contributes to the emmetropisation process, there is 
only limited evidence in humans to link optical imagery with myopia development. 
Myopia has been associated with retinal image degradation caused by ptosis (Hoyt, 
Stone, Promer and Billson FA. 1981; O'Leary and Millodot 1979; Robb 1977), 
retinopathy of prematurity (Fledelius 1981; Goss 1985) and various other ocular 
abnormalities present during childhood (Rabin, van Sluyters and Malach 1981; 
Nathan, Kiely, Crewther and Crewther 1985). 
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Applegate (1991a) found that when using the aberroscope technique, increasing 
myopia was associated with increasing levels of aberrations. Collins et al. (1995a) 
found some significant differences between myopes and emmetropes in fourth-order 
components of the wavefront across all accommodation levels, but did not investigate 
further than a maximum of 3 D of accommodation. The optical characteristics and 
quality of myopic eyes would seem to be an area worthy of further study. 
Correlation between eyes 
For the 11 subjects tested there was substantial correlation in the magnitude and sign 
of the spherical aberration present in both eyes of individuals. This similarity in 
spherical aberration persisted throughout the range of accommodation levels tested. 
Campbell et al. (1990) have also noted substantial similarity in the magnitude and sign 
of spherical aberration present in both eyes of one of the subjects tested (at a 0.5 D 
accommodation level). 
Lu et al. (1993) modified the Campbell et al. (1990) vernier alignment technique of 
aberration measurement to incorporate accommodation control. For one of the subjects 
tested, both right and left eyes were measured across an 0.5 to 4 D accommodation 
range. For primary spherical aberration there appeared to be some correlation between 
fellow eyes for three of the four accommodation levels tested. However, primary coma 
and higher order spherical aberration and coma showed little similarity between fellow 
eyes. 
In this study, there was little general correlation between fellow eyes in the third-order 
components of the wavefront. Examination of the individual wavefront data suggests 
that for three of the eleven subjects (JT, SA and CA) there was some symmetry about 
the midline in the Zernike C7 (lateral coma) coefficients and/or correlation in the Cs 
(vertical coma) coefficients between fellow eyes. However even these subjects' results 
were not consistently similar across all accommodation levels. Campbell et al. ( 1990) 
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have found that one of three subjects tested had a clear correlation in both the direction 
and magnitude of coma in both eyes at one accommodation level (0.5 D). Because the 
centration of the pupil was measured at the same time, Campbell et al. (1990) 
suggested that the coma arose from a bilateral lack of symmetry in the refractive 
components of the eye. 
It would seem reasonable to expect some similarity in monochromatic aberrations 
between the fellow eyes of an individual. Refractive errors are generally similar 
between fellow eyes of an individual in terms of spherical and astigmatic components 
(eg. Fledelius 1984; Almeder, Peck and Howland 1990; Yap, Wu, Wang, Lee and Liu 
1994). None of the 11 subjects involved in this study had significant anisometropia 
and the largest refractive error difference between eyes of any individual was only 0.5 
D. Given that some differences have been reported between refractive error groups in 
the type of monochromatic aberrations which are present (Collins et al. 1995a), the 
aberrations of the eyes of anisometropic subjects would be interesting to study. 
Conclusions 
There has previously been only limited data available on the correlation in 
monochromatic aberrations between fellow eyes of an individual. The monochromatic 
aberrations of fellow eyes showed greatest similarity for spherical aberration, while for 
the grouped fourth-order components the highest correlation between fellow eyes 
occurred for the unaccommodated condition. However little systematic correlation was 
evident between fellow eyes for third-order components of the wavefront. 
The significant trend toward higher negative spherical aberration with increasing 
accommodation levels was confirmed in this study and shown to continue at higher 
levels of accommodation. The fourth-order components of the wavefront also 
demonstrated a highly significant increase in magnitude with increasing 
accommodation. As the accommodation level increased, both the third-order 
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components and total mean-squared-error of the wavefront showed increases in 
magnitude which approached statistical significance (p=0.09 and p=0.06 respectively). 
The results of this experiment demonstrated that most aspects of the monochromatic 
aberrations of the eye were significantly influenced by accommodation. Some 
correlations existed between the aberrations of fellow eyes, although this association 
was not strong for all types of aberrations. 
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EXPERIMENT 3.2 
CORNEAL TOPOGRAPHY AND ACCOMMODATION 
Introduction 
The results from Experiment 3.1 demonstrated changes in the monochromatic 
aberrations of most eyes during accommodation. It is reasonable to assume that 
changes in features such as the crystalline lens shape, position or refractive index 
distribution are the most likely causes of these changes. However it is possible that the 
forces exerted on the cornea during accommodation could also lead to some changes in 
the optical power of the cornea. While the cornea is unlikely to be the major source of 
changes in monochromatic aberrations associated with accommodation, it is possible 
that it makes some contribution to these changes. As the major refracting surface of the 
eye, small changes in corneal topography will result in significant changes in ocular 
power. 
Previous studies of the effect of accommodation on corneal topography have found 
little change in topography either with keratometers (Fairmaid 1959; Lopping and 
Weale 1965) or photokeratoscopes (Mandell and St Helen 1968; Kiely Poropat 1982). 
The results from keratometers are limited to approximately the central 3 mm of the 
cornea and it is difficult to judge the accuracy of the early photokeratoscopes used by 
Mandell and St Helen (1968) and Kiely Poropat (1982). 
The following study was undertaken using the PAR Corneal Topography System 
which offers some significant advantages over previous methods. The instrument has 
the ability to provide topographical data across most of the cornea (about 11 to 12 mm 
measurement zone) compared with most previous methods which were limited to the 
central 7 mm or less of the corneal diameter. The accuracy of the technique in 
measuring surface power is better than that of placido-based photokeratoscope and 
videokeratoscope systems (Belin and Zloty 1993) and unlike placido-based systems it 
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also measures the central cornea with the same level of accuracy as more peripheral 
zones of the cornea. Because of these advantages in topography measurement, it was 
decided to investigate the possible association between accommodation and changes in 
corneal topography. 
Methods 
Ten subjects were recruited to fulfill the following criteria: 
- no current or past corneal pathology, 
- amplitude of accommodation of at least 6 D, 
- no regular contact lens wear. 
Three of the subjects (CA, DS and MP) had participated in Experiment 3.1 and 
therefore the monochromatic aberrations of their eyes had been measured with the 
aberroscope across a range of accommodation levels. 
The control of accommodation during topography measurements was achieved using 
an identical method to that used in Experiment 3.1 with the aberroscope. The subject 
was initally seated at the Canon Autoref R-1 and readings were taken from the right 
eye while the left eye viewed a Maltese cross target in a Badal system (Figure 3 .14). 
The distance of the Badal target was varied to achieve accommodation response levels 
of 0 D (corresponding to the far point of the eye), 2 D, 4 D and 6 Din the right eye 
and these Badal target settings were recorded. 
The videokeratographs were then taken from the right eye while the left eye again 
viewed the same Badal target at the preset distances to achieve 0 D, 2 D, 4 D and 6 D 
accommodation responses (Figure 3.14). The subjects' task was to align the Badal 
Maltese cross target directly over the fixation light of the PAR Corneal Topography 
System by altering the angle of the mirror in the Badal system (Figure 3.14). When 
alignment was completed the subjects were instructed to focus on the Maltese cross, 
sodium fluorescein was instilled into the right eye's tear film and a videokeratograph 
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Figure 3.14: Top view and subject view of the set-up used to measure 
corneal topography at various levels of accommodation. CTS is the 
Corneal Topography System from PAR. 
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captured by the Corneal Topography System. The Corneal Topography System 
projects a regular pattern of blue light onto the surface of the tear film which glows 
because it is stained with sodium fluorescein. 
Three videokeratographs were captured for the 0 D accommodation level and one each 
for the 2 D, 4 D and 6 D accommodation levels (Figure 3.15). If the subject blinked 
during the image capture or reported losing fixation or focus on the target, the image 
capture was repeated for that accommodation level. Capture of some images was also 
repeated because the level of sodium fluorescein in the tears had depleted. 
Analysis of the videokeratographs was conducted using the Corneal Topography 
System's refractive power output for the cornea (see Figure 2.17). The refractive 
power data was converted from a Cartesian reference coordinate system to a polar 
reference system to facilitate statistical analysis. For each videokeratograph the mean 
corneal refractive power was calculated for three zones of the cornea; the central 1 
mm, an annulus 3.5 to 4.5 mm (inner and outer diameter respectively) and an annulus 
7.5 to 8.5 mm (inner and outer diameter respectively) (see Figure 2.18). 
For five of the subjects' videokeratographs, the tear prism at the lower lid margin 
encroached into the 7.5 to 8.5 mm annulus (Figure 3.16) at one or more 
accommodation levels and in these cases the data for this zone were not analysed 
(ie. n = 5 for the 7.5 to 8.5 mm annulus data). For the three repeated 
videokeratographs taken at the unaccommodated (0 D) level, there were three 
subjects' data which had one or more more videokeratographs affected by the tear 
prism in the the 7.5 to 8.5 mm annulus (ie. n = 7 for the 7.5 to 8.5 mm annulus data). 
The tear prism did not encroach into the 3.5 mm to 4.5 mm annulus for any of the 
subjects' videokeratographs (ie. n =10). The tear prism was often larger than normal 
because the technique requires the instillation of sodium fluorescein into the tears just 
prior to image capture, which slightly increases the tear volume. 
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Figure 3.15: Videokeratographs from the same subject at 
accommodation levels of 0 D, 2 D, 4 D and 6 D levels. 
The power scale is refractive corneal power. 
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Results 
The group mean refractive corneal power for the central 1 mm, 3.5 to 4.5 mm 
annulus and 7.5 to 8.5 mm annulus are presented in Table 3.7 as a function of 
accommodation level. The corneal refractive power shows the expected trend toward 
higher refractive power in the peripheral cornea, with group mean refractive power for 
the unaccommodated condition (0 D) changing from 44.24 D ± 1.27 D (±S.D.) in the 
central 1 mm zone to 44.77 D ± 1.30 Din the 3.5 mm to 4.5 mm annulus and 45.89 
D ± 1.43 Din the 7.5 to 8.5 mm annulus. A similar trend was exhibited for each of 
the 2 D, 4 D and 6 D accommodation levels. 
The precision of the corneal refractive power data derived from the Corneal 
Topography System was investigated by taking three videokeratographs for each 
subject for the unaccommodated (0 D) condition. For the three videokeratographs the 
average standard deviation of the central 1 mm zone was± 0.34 D (n=lO), for the 3.5 
mm to 4.5 mm annulus it was± 0.29 D (n=lO) and for the 7.5 mm to 8.5 mm 
annulus it was± 0.14 D (n=7). This suggests reasonable precision of the repeated 
measurements taken using the Corneal Topography System. 
To study the effect of accommodation upon the corneal refractive power, t-tests 
(paired, two-tailed) were conducted on the change in central 1 mm zone corneal 
refractive power for the various accommodation levels, and for the difference in 
corneal refractive power between the central 1 mm zone and the two outer annuli at the 
four accommodation levels. None of the changes in corneal refractive power 
associated with accommodation level approached significance. The influence of 
accommodation on the difference in corneal refractive power between the central 1 mm 
zone and the two peripheral annuli are presented in Figure 3.17. 
3.45 
(") 
.... 
0 
0.. 
o:! 
..c: 
u 
Table 3. 7: Group mean corneal refractive data versus accommodation level. 
0 
2 
4 
6 
44.24 
44.27 
44.41 
44.32 
1.27 
1.35 
1.61 
1.45 
44.77 
44.69 
44.78 
44.75 
1.31 
1.46 
1.39 
1.45 
45.89 
45.76 
45.9 
45.68 
1.43 
1.49 
1.45 
1.17 
\0 
"'1: 
~ 
-c 2.0 
-:r... ~ 
0 
c. 
Cl) 1.5 > ;.: 
CJ 
CIS 
:r... 
-Cl) :r... 
s::: 1.0 
Cl) 
CJ 
s::: 
Cl) 
:r... 
~ 0.5 
c 
0 
II Central to 4 mm 
D Central to 8 mm 
2 4 
Accommodation Level (D) 
Chapter 3 
6 
Figure 3 .17: Accommodation level versus the difference in corneal refractive 
power between the central 1 mm zone and both the 3.5 mm to 4.5 mm annulus 
(central to 4 mm) and the 7.5 mm to 8.5 mm annulus (central to 8 mm). The 
error bars are one S.D. 
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Discussion 
There was no evidence of statistically significant changes in corneal topography as a 
result of accommodation in the subjects examined in this study, either as a group or 
individually. These results are consistent with those of previous studies (Fairmaid 
1959; Lopping and Weale 1965; Mandell and St Helen 1968; Kiely Poropat 1982). 
It should be acknowledged that the accommodation level of the subjects at the 
videokeratoscope may have differed slightly from those recorded at the Autoref R-1. 
In both circumstances the subjects' left eye was viewing the Badal target, however at 
the videokeratoscope the fixation light of the instrument was also seen in dichoptic 
view. This may have induced some proximal accommodation which was not evident 
when the subjects were initially measured at the Autoref R-1. 
By analysing the mean corneal refractive power in both central and concentric annular 
zones, this experiment has addressed the issue of potential changes in topography 
which are rotationally symmetrical. For example, if increasing levels of spherical 
aberration associated with accommodation (as found in Experiment 3.1) were at least 
partly the result of peripheral flattening of the cornea, then this investigation could 
have shown evidence of the change. A change in accommodation of 6 D should 
produce an average increase in negative spherical aberration of about 0.5 D for a 4 mm 
pupil and 2.0 D for an 8 mm pupil, based upon the linear regression performed on 
spherical aberration versus accommodation data from Experiment 3.1 and assuming 
that such an extrapolation is valid. If such a change in spherical aberration were the 
result of relative flattening in the corneal periphery (compared with the central cornea), 
then the difference in refractive power between the central corneal zone and the 3.5 to 
4.5 mm annulus should have changed in the minus power direction by approximately 
0.5 D and for the 7.5 mm to 8.5 mm annulus by approximately 2.0 D. The data show 
no such changes. 
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The analysis used with these data was based on rotationally symmetrical measurement 
zones and did not specifically investigate the potential for asymmetric changes in 
corneal topography associated with accommodation. For example, asymmetric 
changes such as coma-like aberrations could lead to little overall change in the mean 
refractive power in an annular measurement zone ( eg. the cornea could flatten on the 
nasal side and steepen on the temporal side by equal amounts). However there was no 
evidence of significant asymmetric changes in the data associated with accommodation 
through qualitative inspection of the videokeratographs. 
It appears unlikely that changes occur in the cornea during accommodation up to a 
level of 6 D. This suggests that the changes in monchromatic aberrations which were 
measured during accommodation in Experiment 3.1 are most likely the result of 
changes associated with the crystalline lens and optical conjugates of the eye. 
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CHAPTER 4 
AccoMMODATION RESPONSE 
TO MONOCHROMATIC 
ABERRATIONS 
INTRODUCTION 
As shown in Chapter 3 and in previous studies, both the type and magnitude of the 
monochromatic aberrations of the eye can change as a function of accommodation. 
However it is largely unknown what influence monochromatic aberrations themselves 
can have on the accommodation response or its measurement. For example, can the 
changes which occur in the spherical aberration of the eye as a result of 
accommodation affect the accommodation response itself? Does spherical aberration 
or other forms of aberration contribute to the lead and lag of accommodation at the 
extremes of the accommodation range? The experiments described in this chapter 
attempt to examine some of the interactions between steady-state accommodation and 
the monochromatic aberrations of the eye. 
When the retinal image degrades through factors such as defocus, reduced luminance 
or contrast, the errors of the accommodation response increase and consequently 
flatten the stimulus-response slope (eg. Heath 1956; Johnson 1976; Charman 1986). 
However even under ideal stimulus conditions the accommodation errors are in the 
order of 0.25 D at the far point and 0.5 D at the near point of the eye. Since pupil size 
normally decreases with increasing levels of accommodation, the greater 
accommodation error associated with nearer stimuli will probably at least partly arise 
from the increased depth of focus associated with decreased pupil sizes ( eg. Ward and 
Charman 1985). 
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The effect of monochromatic aberrations on the depth of focus of the eye has been 
considered theoretically by a number of authors. Tucker and Charman (1975) and 
Charman and Whitefoot (1977) concluded that the depth of focus should be affected 
by monochromatic aberrations for larger pupil sizes. Legge et al. (1987) predicted that 
the depth of focus of an eye with + 1.22 D of positive spherical aberration (for a 5 .4 
mm pupil) should be about 2.5 times greater than that of an aberration-free eye when 
both eyes view a high spatial frequency stimulus. 
In theory, any deviation of the wavefront of the eye from a perfect focus could induce 
a compensatory accommodation response to optimise the focus of the eye. The 
variation in modulation transfer function with the level of focus has been calculated by 
Charman and Jennings (1976) for an eye with+ 1 D of spherical aberration. Optimal 
focus varied as a function of spatial frequency, with lower spatial frequencies having 
optimal focus shifted toward the marginal ray focus. Charman et al. (1978) found 
little effect of variation in ocular spherical aberration on optimal refraction 
(manipulated through the use of changes in pupil size and through the use of annular 
pupils). However Charman and Whitefoot (1978) found that induced astigmatism and 
field curvature could induce a compensatory accommodation response. 
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EXPERIMENT 4.1 
THE EFFECT OF MONOCHROMATIC ABERRATIONS ON 
AUTOREF R-1 READINGS 
Measurement zone of the Autoref R-1 
In the experiments which follow in Experiments 4.2 and 4.3 of this chapter, the 
Autoref R-1 was used to investigate the influence of monochromatic aberrations upon 
the accommodation response of the eye. However it was possible that the existing 
monochromatic aberrations of the tested eye could influence the measurements of the 
refractive power of the eye (ie. accommodation response) made by the Autoref R-1. 
This potential problem with objective optometers has been recognized by Charman et 
al. (1978) and Charman and Walsh (1989). It was therefore important to establish the 
region of the pupil used by the Autoref R-1 in deriving a reading of the refractive 
power of the eye. 
Winn et al. (1989b) measured the infrared beam output of the Autoref R-1 at the 
corneal apex and found it to be approximately 0.7 mm in diameter (ie. the entrance 
beam size to the eye). To measure the exit beam size, Winn et al. (1989b) measured 
the voltage output of the (modified) Autoref R-1 in continuous mode and found that a 
reduction occurred for pupil sizes less than 3.9 mm for a model eye and 3.52 mm 
(apparent size) for a human eye. Davis et al. (1993) have also noted that the 
continuous output from a modified Autoref R-1 was diminished substantially when 
the limiting aperture was reduced from 4 mm to 3 mm. 
To further investigate the measurement zone of the Autoref R-1 infrared beam, rigid 
contact lenses with known levels of spherical aberration were positioned over the 
entrance aperture of the Zeiss model eye (Figure 4.1 ). The model eye alone was 
emmetropic and contributed negligible monochromatic aberrations (measured using 
the aberroscope ). The spherical aberration of the four contact lenses ranged up to 2.5 
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Figure 4.1: Upper panel shows a schematic of the technique used to estimate 
Autoref R-1 beam measurement zone. A series of rigid contact lenses with 
known levels of spherical aberration were positioned at the entrance aperture 
of a Zeiss model eye. Lower panel shows an estimate of the measurement zone 
of the AutorefR-1; between approximately 3.0 and 3.8 mm. 
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D across a 6 mm optic zone (Figure 4.2a and b ). The back vertex powers of the 
contact lenses were measured using a modified vertometer based on the Scheiner 
principle (see Chapter 2). Autoref R-1 readings were then taken through the contact 
lenses on the model eye and the readings compared with the known back vertex 
power distribution across the optic zone of the lens. In this set-up the Autoref R-1 
actually measures the front vertex power of the contact lens with slightly different 
optical conjugates. However the estimated difference in power (between the Autoref 
R-1 and vertometer power) is sufficiently small that the error will not substantially 
alter the estimate of the Autoref R-1 measurement zone. 
The Autoref R-1 readings for the four rigid contact lenses were consistent with a 
measurement zone lying somewhere in the range between a 3.0 mm inner diameter to 
a 3.8 mm outer diameter (Figure 4.2a and b), showing good agreement with the 
limiting values reported by Winn et al. (1989b) and Davis et al. (1993). Errors in the 
measurement of the four rigid lens powers could make a small contribution to the 
potential annulus range. 
To verify if the beam entered through the central region of the pupil as suggested by 
Winn et al. (1989b), a 1 mm circular occluder was placed in the centre of the model 
eye's entrance aperture. The Autoref R-1 gave consistent "error" readings with this 
condition, confirming that the central region of the pupil is the entrance path of the 
Autoref R-1 beam. As a further study of the beam characteristics an opaque annulus 
with 2 mm inner diameter and 3 mm outer diameter was positioned concentrically in 
the entrance aperture of the model eye. In this configuration the Autoref R-1 gave the 
expected power readings, suggesting that this zone of the pupil was not critical in the 
Autoref R-l's measurement of refractive power. 
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Figure 4.2a: Autoref R-1 readings for rigid lenses A and J 
when positioned on a model eye. The Autoref R-1 reading 
in relation to the back vertex power profile of the lens, measured 
with a modified vertometer, indicates the likely measurement 
zone of the Autoref R-1(about3 mm for lens A and 3.8 mm for 
lens J). 
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Figure 4.2b: Autoref R-1 readings for rigid lenses Y and Z 
when positioned on a model eye. The Autoref R-1 reading 
in relation to the back vertex power profile of the lens, 
measured with a modified vertometer, indicates the likely 
measurement zone of the Autoref R-1 (about 3. 7 mm for both 
lenses Y and Z). 
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These results suggest that the Autoref R-1 was deriving its refractive power readings 
from a zone in the pupil in the range from approximately 3.0 mm inner diameter to 
3.8 mm outer diameter. It was therefore necessary to consider the nature and 
magnitude of monochromatic aberrations of the tested eyes occurring in this region of 
the pupil. 
It is likely that all components of the wavefront aberration which are present in this 
zone of the pupil will influence the Autoref R-1 reading. However it is difficult to 
accurately predict the effect of third-order components of the aberrations in this zone 
upon the Autoref R-1 results; it is possible that they could influence the sphere and 
cylinder results. On the other hand, the effect of a rotationally symmetrical wavefront 
component such as spherical aberration is able to be predicted with more certainty and 
was used to calculate a correction for the Autoref R-1 results. 
Compensation for the effect of the Autoref R-1 measurement beam zone 
In the subsequent experiments the influence of ocular spherical aberration on the 
Autoref R-1 readings was compensated in the following manner. The aberroscope 
LSA results were calculated for a 3.5 mm pupil (an estimation of the mid-point of the 
Autoref R-1 measurement zone). The level of LSA at a 3.5 mm chord is the dioptric 
difference between the central power of the eye and the power of the eye at a 1. 7 5 mm 
(semi-chord) ray height. To relate all accommodation readings taken with the Autoref 
R-1 to the "true" central power of the eye, the dioptric level of LSA (at a 3.5 mm 
chord) was subtracted from the accommodation response measured by the Autoref R-
1. That is: 
True accommodation response= - (Autoref R-1 reading) - (LSA at 3.5 mm), 
after the Autoref R-1 reading is corrected for the eye's refractive error. 
For example, if the aberroscope results for an emmetropic subject gave +0.2 D of 
LSA for a 3.5 mm pupil (chord) at an accommodation level of 0 D 
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(unaccommodated) and this subject's Autoref R-1 reading for a 0 D stimulus was -0.5 
D (ie. 0.5 D lead of accommodation), then the "central" accommodation response for 
this subject was 0.3 D. If this subject's LSA had been -0.2 D, then the "central" 
accommodation response would have been 0.7 D. 
The location of the Autoref R-1 measurement beam within a zone of the pupil at an 
estimated 3.5 mm chord has important implications for the interpretation of the 
accommodation stimulus-response relationship using the Autoref R-1. Since the 
monochromatic aberrations of the eye will typically change with the level of 
accommodation, these aberrations can be expected to influence the readings of the 
Autoref R-1 to varying degrees across the full range of accommodation levels. For 
subjects with high levels of spherical aberration, errors will exist in the assumed 
accommodation response when no compensation is made for the Autoref R-1 's 
measurement zone. However, for most subjects the level of spherical aberration at the 
pupil diameter of interest (3.5 mm) is typically small (eg. Walsh et al. 1984; Walsh 
and Charman 1985; Campbell et al. 1990; Atchison et al. 1995; Collins et al. 1995a). 
This problem is not unique to the Autoref R-1 optometer and will influence all 
objective optometers which average the refractive status of the eye across regions of 
the pupil other than the very centre ( eg. Scheiner optometers which sample the 
refractive power of the eye at a fixed separation in the pupil). Subjective optometers 
such as the laser speckle optometer are less prone to this type of error, since the 
measurement makes use of light passing through all regions of the pupil. 
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EXPERIMENT 4.2 
MONOCHROMATIC ABERRATIONS OF THE EYE 
AND ACCOMMODATION RESPONSE 
This experiment was designed to study the potential influence of ocular 
monochromatic aberrations on the accommodation response. 
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The stimulus/response functions of nine subjects' right eyes were measured using the 
Canon Autoref R-1. Four of the subjects were discontinued from the study (leaving n 
= 5) because their natural pupil constricted to be less than that required for the 
experiment during the one the conditions. The five subjects ages of the ranged from 
18 to 20 yrs and all had visual acuity better than 0.0 logMAR (6/6) in the tested right 
eye (Table 4.1 ). Four of the five subjects had small refractive errors which were not 
habitually corrected and were left uncorrected during testing, but were compensated 
during analysis of the accommodation response data. Subject DV wore his habitual 
soft contact lens correction (-4.00 D each eye) during testing. The decision to test with 
no correction or using the habitual refractive correction was taken so as to maintain as 
natural an accommodation stimulus-response relationship as possible. 
The subjects' tonic accommodation levels were measured after keeping the eyes in 
darkness for 5 mins. Darkness was achieved through the use of a pair of swimming 
goggles painted matt black (opaque). A 14 mm hole was drilled through the goggle 
eyepiece and a piece of Kodak Wratten 89B filter sealed over the aperture (Figure 
4.3). Wratten 89B filter transmits infrared radiation (ie. the Autoref R-1 alignment and 
measurement beam) but absorbs visible light (almost total absorption below 700 nm). 
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Table 4.1: Subject characteristics. 
DS 1 9 RE +1.25 DS -0.12 
LE +1.25 DS -0.10 
SA 21 RE 0.00 I -0.25 x 90 -0.02 
LE 0.00 I -0.25 x 90 -0.04 
CA 20 RE -0.50 I -0.25 x 105 -0.12 
LE -0.25 I -0.25 x 65 -0.14 
DV 21 RE -4.25 DS -0.04 
LE -4.25 DS -0.04 
FB 21 RE +1.25 DS -0.10 
LE +1.25 DS -0.10 
4.11 
Chapter 4 
Goggle used during measurement of tonic accommodation ( darlc focus) 
Visible 
/ Wratten 898 
Infrared 
Visible 
Filter-pupil used during measurement of accommodation response 
/ Wratten 898 
Visible 
~Infrared 
Figure 4.3: Upper panel shows the goggles used to measure tonic accommodation ( darlc 
focus). The Wratten 89B filter transmits only :infrared wavelengths to allow Autoref R-1 
measurements while the surrounding goggle is opaque to visible and :infrared wavelengths. 
The lower panel shows the filter-pupil used in the measurement of the stimulus-response 
relationship. The central 5 mm aperture is surrounded by a Wratten 89B filter which 
allows accurate centration of the AutorefR-1 on the visual axis using the infrru:ed alignment 
system 
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The two alignment beams of the Autoref R-1 are still visible through Wratten 89B 
filter in the periphery of the field of vision and if the subject is instructed to focus on 
one of the alignment markers the level of accommodation is about 5 D. While these 
beams are probably too far from the visual axis to produce a Mandelbaum effect (they 
are about 10 degrees from the visual axis), they are still distracting for the subject. A 
simple filter made from a piece of paper was placed over the alignment beam output 
apertures of the Autoref R-1 to filter the visible light. This filter still transmits 
sufficient infrared radiation for the alignment beams to be visible on the subjects' eyes 
on the Autoref R-1 monitor. 
After 5 mins in complete darkness (wearing the goggles), 10 readings of 
accommodation were taken and later averaged. The accommodation readings were 
corrected for the potential error associated with the Autoref R-1 measurement zone, 
using the spherical aberration of the individual subjects' eyes at a chord of 3.5 mm, as 
outlined in Experiment 4.1 and detailed later in this Methods section. 
The technique of using blackened goggles and Wratten 89B filters to measure tonic 
accommodation was considered preferable to simply darkening the room because of 
problems associated with the visible light emitted by the Autoref R-1 monitor. While 
the brightness of the monitor can be minimised and shielded from the subject to some 
degree, it was still necessary to have sufficient screen brightness to allow alignment of 
the subjects' eyes, which tended to increase the avergage room illuminance. 
It is possible that the subjects' knowledge of the proximity of the goggles to their eyes 
caused a proximal accommodation effect in the data. A similar argument can be used 
for the infrared reflecting mirror of the Autoref R-1. However it is difficult to know 
how important these factors may have been in the tonic accommodation results which 
were measured. 
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During measurement of the stimulus-response function, the subjects viewed the 
accommodation stimulus (Maltese cross) through a fixed 5 mm circular aperture 
placed as close as possible to the right eye (about 12 mm), while the left eye was 
occluded. The fixed 5 mm pupil was created by drilling a hole in a Wratten 89B filter 
(Figure 4.3). This filter/aperture created an effective visible light aperture for the eye 
while simultaneously allowing unobstructed viewing of the eye during alignment and 
measurements using the Autoref R-1. A 5 mm fixed pupil diameter was used so as to 
allow comparison of accommodation responses with monochromatic aberration 
results previously derived with the aberroscope for these same subjects. 
The aberroscope grids for all of the 5 subjects who participated in this experiment 
were at least 4 x 4 intersections in size corresponding to a pupil diameter of 4.1 mm 
(for an emmetropic eye), about one-third of the grids had a 5 x 5 matrix 
corresponding to a pupil diameter of 5.4 mm (for an emmetropic eye) and a few grids 
had a 6 x 6 matrix corresponding to a pupil diameter of 6.8 mm (for an emmetropic 
eye). The monochromatic aberrations of all subjects' eyes were normalised to a 5 mm 
pupil which required a small interpolation or extrapolation of data from the original 
aberroscope grid results. A fixed 5 mm pupil size was chosen for the experiment so 
as to maximise the potential effects of the natural aberrations of the eye. However it 
must be acknowledged that the aberroscope results are an estimation of the 
monochromatic abe1rntions which are present. The aberroscope grid itself is limited to 
a square measurement matrix within the pupil and both extrapolation and interpolation 
of data involves potential errors. 
Accommodation responses were tested at a range of (free-space) stimulus levels 
including 0.2 D (5 m), 0.5 D (2 m), 1.0 D (1 m), 1.5 D (67 cm), 2.0 D (50 cm), 2.5 
D (40 cm), 3.0 D (33 cm), 4.0 D (25 cm), 5.0 D (20 cm) and 6.0 D (16.7 cm) (for an 
emmetropic subject). Since all subjects were not emmetropic or fully corrected 
(subject DV), there was a small offset in the accommodation stimulus data to 
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compensate for the true accommodation demand. For example a subject with + 1.00 D 
of uncorrected hyperopia viewing the stimulus target at 5 m will have an 
accommodation demand of 
1.2 D. 
Ten valid accommodation readings were recorded at each stimulus level. Invalid 
results can occasionally arise through artefacts related to blinking during a reading. 
These results typically show as an "error" reading or sometimes as a very high power 
result and these values were rejected from the data set. The mean and standard 
deviation of the best sphere accommodation response was calculated for each 
accommodation stimulus level (no subject had greater than 0.25 D of astigmatism). 
The order of stimuli presentation always commenced with the 0 D stimulus and 
progressively increased in accommodation demand up to the maximum 6 D stimulus. 
Subjects were instructed to fixate the centre of the cross and to "keep the cross as clear 
as possible" during the set of ten readings at each stimulus level. 
Natural pupils were used throughout the testing session, since drugs which dilate the 
pupil must also have some influence on the accommodation response. This is 
obviously true for cycloplegics which paralyse the parasympathetic supply to the 
ciliary muscle and is also true to a lesser extent for sympathomimetics such as 
phenylephrine. The amplitude of accommodation is known to diminish after 
instillation of phenylephrine (Mordi et al. 1986a; Zetterstrom 1984; Mordi et al. 
1986b) which also reduces the stimulus/response slope (Mordi et al. 1986b). 
The stimulus target was a black Maltese cross against an internally illuminated white 
background. The background luminance was 160 cdfm2 and Maltese cross luminance 
was 1.1 cdfm2, which using the Michelson contrast formula: 
contrast= 100 (Lmax - Lmin) I (Lmax + Lmin), 
gives a contrast of 99 %. The room surface luminances were low photopic, averaging 
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5 cdfm2, which was necessary to maintain natural pupil sizes at greater than 5 mm 
(the size of the artificial pupil) throughout the testing. A series of calibrated concentric 
rings were drawn onto the video monitor of the Autoref R-1, which corresponded to 
pupil sizes of 4.5, 5, 6, 7, 8, 9 and 10 mm. When focussed on the eye, the Autoref R-
1 is at a fixed distance from the eye and these rings were used to monitor the size of 
the subject's pupil during the experiment (Figure 4.4). Because of the requirement for 
the natural pupil to be larger than 5 mm during the experiment, four of the nine 
subjects who were tested were discontinued from the study (leaving n = 5) because of 
pupil constriction which often occurred at higher accommodation levels. 
The alignment of the subject's visual axis with the centre of the 5 mm aperture, 
Autoref R-1 camera system and stimulus target was conducted for each individual. 
The 5 mm aperture was attached to the body of the Autoref R-1 and aligned with the 
Autoref R-1 measurement axis (viewed on the Autoref R-1 monitor). The aperture 
was then positioned as close as possible to the subject's eye. The Autoref R-1 
provides an alignment system (a tube with a sight at the distant end) which allowed 
the subject's visual axis to be aligned with the measurement axis of the Autoref R-1 
while the subject fixated the Maltese cross target along the same axis (Figure 4.5). 
To the end of the Autoref R-1 alignment system was added a set of "alignment rings" 
on a piece of card which were visible against the edge (vignette) of the 5 mm aperture 
in the subjects' field of view (Figure 4.5). The subject was then able to check their 
head alignment relative to the 5 mm aperture, Autoref R-1 measurement axis and the 
Maltese cross target. This alignment was checked at the beginning and at various 
times during the measurement session, but the alignment apparatus was removed 
during testing. Based upon measurements of the possible error in alignment, the 
maximum decentration of the aperture should not have exceeded 0.5 mm and would 
normally have been less than 0.25 mm. 
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Figure 4.4: Schematic view of the Autoref R-1 monitor used 
for alignment of the subject's line of sight. The addition of 
concentric calibrated rings to the screen surface allows 
simultaneous monitoring of the subject's pupil size. 
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Figure 4.5: Upper panel shows the subject's view. The vignette of the 5 mm aperture 
was visible against the concentric alignment rings to aid in aperture centration. The 
Maltese cross target was aligned such that it was centred with the cross-hair of the 
Autoref R-1 alignment system. Lower panel shows a schematic view of the 
experimental apparatus. 
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All five subjects had participated in Experiment 3.1, therefore aberroscope results 
were available for each subject's right eye across a range of accommodation levels 
(Appendix 2). The spherical aberration results were calculated for a 3.5 mm pupil size 
to match the estimated centre of the measurement zone of the Autoref R-1 and these 
values were then used to correct the Autoref R-1 readings (corrected for refractive 
error) using: 
Corrected accommodation response= - [Autoref R-1 reading] - [LSA at 3.5 mm]. 
Since the accommodation response levels of individuals did not exactly correspond 
during the aberroscope and stimulus-response experiments, a linear regression was 
performed on the spherical aberration versus accommodation data from the 
aberroscope experiment (Figure 4.6a). A linear regression provided a good fit to the 
spherical aberration versus accommodation data of most subjects (DV, RB and SA: 
all R2 > 0.89) and for those subjects where the fit was poor (CA and DS) the levels of 
spherical aberration were negligible. 
This linear regression was then used to create a spherical aberration versus corrected 
accommodation response data set (using the equation above) (Figure 4.6b). A linear 
regression was then applied to these data. By substituting the accommodation 
responses obtained during the stimulus-response experiment (Figure 4.6c) into the 
linear regression, the spherical aberration correction could be interpolated from the 
linear regression on spherical aberration versus corrected accommodation response 
(Figure 4.6b ). This correction was only applied to accommodation responses within 
or close to the range of accommodation levels used in the aberroscope experiment. 
The original Autoref R-1 readings and the corrected accommodation responses are 
plotted in Figure 4.6d. 
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Figure 4.6: An example of the method used to compensate for the effects of ocular 
spherical aberration on the accommodation readings taken with the Autoref R-1. 
a: Spherical aberration was measured as a function of accommodation for the right eye 
of the subject using the aberroscope. The magnitude of spherical aberration is scaled to 
a 3 .5 mm chord, which matches the estimated measurement zone of the Autoref R-1. 
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A linear regression is applied to these data and used to produce the spherical aberration versus 
corrected accommodation response in b using: 
(Corrected accommodation response= -(Autoref R-1 reading) - (LSA at 3.5 mm). 
A linear regression is also applied to these data. 
c: The subject's accommodation stimulus - response is measured using the Autoref R-1. 
d: The data from panel b (linear regression equating LSA to corrected accommodation response) 
is used to estimate the level of LSA present at the measured accommodation response (ie. 
Autoref R-1 reading). This interpolated level ofLSA is used to correct the Autoref R-1 
reading using: 
(Corrected accommodation response= -(Autoref R-1 reading)- (LSA at 3.5 mm) 
to produce the corrected accommodation response. 
After these procedures the error associated with spherical aberration in the Autoref 
R-1 data is becoming small. 4.20 
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Results 
Compensation for spherical aberration error in Autoref R-1 readings 
The stimulus-response relationships for the five subjects are presented in Figures 
4.7a, band c. Each subjects' data are shown both with and without compensation for 
the effect of the pre-existing ocular spherical aberration on the accommodation 
response. For two of the five subjects (CA and DS) there was little effect of ocular 
spherical aberration upon the measured accommodation response using the Autoref 
R-1. 
For the remaining three subjects (DV, RB and SA) the effect of ocular spherical 
aberration on the accommodation response measured by the Autoref R-1 was 
substantial. Both subjects DV and SA showed greater "lead" of accommodation when 
the presence of negative spherical aberration was corrected in the accommodation 
reading of the Autoref R-1 (Figure 4.7b). On the other hand, the positive LSA of 
subject RB at the lower accommodation levels caused an increased "lag" of the 
corrected accommodation response (Figure 4.7c). 
The influence of ocular monochromatic aberrations on accommodation error 
By deriving the five subjects' ocular aberrations across a range of accommodation 
levels and also measuring the same subjects' accommodation stimulus-response 
relationship, it was possible to investigate the potential interaction between these 
variables. Monochromatic aberration results were calculated for a 5 mm pupil size, 
since this was the size of the limiting aperture used during accommodation stimulus-
response measurements. 
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Figure 4.7a: The stimulus-response relationship for subjects 
(CA and DS), plotted with and without compensation for the 
potential effect of ocular spherical aberration upon the 
measurements of the Autoref R-1. The dashed line indicates 
a slope with a value of one. Tonic accommodation level 
(T.A.) is indicated. 
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Figure 4.7b: The stimulus-response relationship for subjects 
(DV and RB), plotted with and without compensation for the 
potential effect of ocular spherical aberration upon the 
measurements of the Autoref R-1. The dashed line indicates 
a slope with a value of one. Tonic accommodation level 
(T.A.) is indicated. 
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Figure 4.7c: The stimulus-response relationship for subject 
(SA), plotted with and without compensation for the 
potential effect of ocular spherical aberration upon the 
measurements of the Autoref R-1. The dashed line indicates 
a slope with a value of one. Tonic accommodation level 
(T.A.) is indicated. 
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The monochromatic aberrations were analysed both in terms of the root-mean-
squared deviation of the wavefront and the level of spherical aberration. The root-
mean-squared deviation of the wavefront is presented in microns and represents the 
magnitude of variation in the wavefront aberration across the 5 mm pupil. On the 
other hand, the spherical aberration of the wavefront represents the symmetrical 
change in refractive power (D) across the 5 mm pupil. 
The dioptric difference between the accommodation response and the accommodation 
stimulus is presented in terms of accommodation error (ie. response minus stimulus). 
Since subjects CA, DV and SA had small amounts of uncorrected myopia, the 
stimulus at 5 m was outside their far point resulting in a negative accommodation 
stimulus (see Figure 4.7). In these cases the accommodation error was calculated by 
subtracting a zero stimulus from the corrected accommodation response (ie. the 
subject should not have a negative accommodation response). 
Both the monochromatic aberrations and accommodation error are presented relative 
to the corrected accommodation response measured with the Autoref R-1. This 
correction takes account of the eye's pre-existing level of spherical aberration at each 
accommodation response level. 
It is conceivable that accommodation error could vary directly with the root-mean-
square deviation of the wavefront; for example greater variance of the wavefront 
allowing greater latitude of the accommodation response leading to higher 
accommodation errors. In the comparison of root-mean-squared deviation and 
accommodation error, both "lead" and "lags" of accommodation are presented as an 
absolute dioptric value (ie. no sign value) since the root-mean-square deviation of the 
wavefront is an absolute measure. 
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The interactions between root-mean-square deviation of the wavefront and 
accommodation error for the five subjects are presented in Figures 4.8 a, b and c. The 
five subjects results show little evidence of systematic interaction between root-mean-
squared deviation of the wavefront and accommodation error. The root-mean-squared 
deviation of the wavefront and accommodation error for subject DS and RB are 
relatively constant throughout the accommodation response range. Subjects CA, DV 
and SA data shows an irregular increase in root-mean-squared error and 
accommodation error at the higher accommodation response levels. However there 
appears to be little correlation in the changes in both variables. 
The association between accommodation error and spherical aberration was 
considered with reference to the sign of both the spherical aberration and the 
accommodation error. A "lead" of accommodation was presented as a positive error 
and a "lag" of accommodation as a negative error. If the level of ocular spherical 
aberration was influencing the accommodation error, it might be expected that the 
effect of spherical aberration would be opposite to the sign and magnitude of the 
accommodation error. For example negative spherical aberration might cause an 
increase in accommodation (more "lead" or less "lag") since the peripheral rays have a 
hyperopic focus compared with the central rays entering the pupil and this could 
stimulate an extra accommodative response. Figure 4.9a illustrates a theoretical model 
of predicted interactions between accommodation error and spherical aberration. 
The spherical aberration and accommodation error results for the five subjects are 
presented in Figures 4.9b, c and d. The results for subjects CA and DV show little 
correlation between spherical aberration levels and accommodation errors. Subject CA 
shows consistent negative spherical aberration but no obvious increase in lead or 
decrease in lag. Subject DV also shows consistent negative spherical aberration but no 
clear trend in accommodation error, however this subject's accommodation response 
range was limited to a maximum of 1.5 D. 
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Figure 4.8a: The interaction between root-mean-squared (RMS) error 
of the wavefront and absolute accommodation error of the eye for a 
5 mm pupil for subjects CA and DS. For absolute accommodation 
error both "lead" and "lag" are plotted as positive. Error bars are 
±one standard deviation. Tonic accommodation (T.A.) level is 
indicated. 
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Figure 4.8b: The interaction between root-mean-squared (RMS) error 
of the wavefront and absolute accommodation error of the eye for a 
5 mm pupil for subjects DV and RB. For absolute accommodation 
error both "lead" and "lag" are plotted as positive. Error bars are 
±one standard deviation. Tonic accommodation (T.A.) level is 
indicated. 
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MODEL OF ACCOMMODATION ERROR AND LSA 
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Figure 4.9a: A model of the expected interactions between accommodation 
error and the level of longitudinal spherical aberration of the eye across a range 
of accommodation response levels (assuming that 'true' corrected accommodation 
response is measured). Accommodation error is positive for a "lead" 
and negative for a "lag" of accommodation. The graph shows a typical LSA 
versus accommodation pattern. The accommodation error shows the expected direction 
of the error associated with LSA. For example, negative spherical aberration should 
cause an increased "lead" or decreased "lag" of accommodation (ie. the peripheral rays 
are relatively hyperopic and should stimulate an extra accommodation response), 
whereas positive spherical aberration should cause a decreased "lead" or increased "lag" 
of accommodation (ie. the peripheral rays are relatively myopic and should stimulate less 
accommodation response). However it should be noted that for the unaccommodated 
condition the normal positive spherical aberration of the eye cannot induce a negative 
accommodation response or error. 
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Figure 4.9b: The interaction between accommodation error and the 
level of longitudinal spherical aberration of the eye across a range 
of accommodation response levels for subjects CA and DV. 
Accommodation error is positive for a "lead" and negative for a 
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"lag" of accommodation. Error bars are ± one standard deviation. 
Accommodation and spherical aberration data relate to a 5 mm pupil. 
Tonic accommodation (T.A.) level is indicated. 
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Figure 4.9c: The interaction between accommodation error and the 
level of longitudinal spherical aberration of the eye across a range 
of accommodation response levels for subjects DS and RB 
Accommodation error is positive for a "lead" and negative for a 
"lag" of accommodation. Error bars are ± one standard deviation. 
Accommodation and spherical aberration data relate to a 5 mm pupil. 
Tonic accommodation (T.A.) level is indicated. 
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Figure 4.9d: The interaction between accommodation error and the 
level of longitudinal spherical aberration of the eye across a range 
of accommodation response levels for subject SA. 
Accommodation error is positive for a "lead" and negative for a 
"lag" of accommodation. Error bars are ± one standard deviation. 
Accommodation and spherical aberration data relate to a 5 mm pupil. 
Tonic accommodation (T.A.) level is indicated. 
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Both subjects DS and RB have consistent positive spherical aberration and 
accommodation lag across the accommodation response range. This finding is 
contrary to the normal lead of accommodation at low levels of accommodation. 
However these two subjects were both uncorrected hyperopes and it could be argued 
that they had small degrees of latent hyperopia which artificially increased the 
accommodation response level. Such an increase in accommodation level could mask 
the normal lead of accommodation. On the other hand it is feasible that if there was no 
latent hyperopia, the presence of positive spherical aberration caused a decreased lead 
and increased lag of accommodation. Cycloplegic refractions were not performed on 
these subjects at the time of this experiment, so it is difficult to definitively comment 
on the most likely cause of the findings. 
The results for subject SA show little spherical aberration or accommodation error for 
low accommodation response levels but at higher levels of accommodation, high 
levels of negative spherical aberration is accompanied by a lead of accommodation. A 
lead of accommodation at 3-4 D accommodation response levels is not typical of the 
stimulus-response function of most subjects, but is consistent with the model 
proposed in this experiment to explain the interaction between accommodation error 
and spherical aberration. 
The association between TA level, accommodation cross-over and monochromatic 
aberrations 
There was no consistent correspondence between the cross-over point of the stimulus-
response function and the individuals tonic accommodation level (Figure 4.7). Two of 
the subjects' results (CA and SA) showed correspondence to within 0.5 D, but for the 
remaining three subjects the tonic accommodation level was unrelated to the cross-
over point (or projected cross-over points in the cases of subjects DS and RB). There 
was also no indication of an association between the tonic accommodation level and 
the magnitude of the root-mean-squared deviation of the wavefront or spherical 
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aberration (Figures 4.8 and 4.9). 
Discussion 
The influence of ocular monochromatic aberrations on Auto ref R-1 readings 
There appears to be a small but in some cases, significant effect of monochromatic 
aberrations on the readings of the Autoref R-1 optometer. When the correction was 
applied for ocular spherical aberration to the stimulus-response function of five 
subjects, the effect was substantial for three of the subjects (up to 0.6 D difference). 
This is a difficult problem to solve when using the Autoref R-1 since the 
monochromatic aberrations of the eye should therefore be measured across the full 
range of accommodation of interest. For a typical subject with lead of accommodation 
and positive spherical aberration for far stimuli and a lag of accommodation and 
negative spherical aberration for near stimuli, the error induced by the Autoref R-1 
measurement zone is an increase in both the lead and lag of accommodation (ie. 
flattening of the stimulus-response curve) (see Figure 4.6d). 
This error in the Autoref R-1 readings has particular significance for studies of 
different groups of subjects rather than studies within-groups where various 
conditions or treatments are studied with the same subjects. For the within-group 
studies, the errors in the Autoref R-1 readings are relatively constant for the same 
subject, provided a similar range of accommodation is involved for each condition 
tested. However in studies between-groups, differences in monochromatic aberrations 
between the groups could be important. 
A pertinent example is the study of the stimulus-response function of myopes and 
emmetropes using the Autoref R-1 by Gwiazda, Thorn, Bauer and Held (1993). 
Gwiazda et al. (1993) found greater lags of accommodation for near stimuli for 
myopic subjects compared with emmetropic subjects. A recent study of the 
monochromatic aberrations of the eyes of myopes and emmetropes by Collins et al. 
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(1995a) suggested that myopic subjects probably had higher overall levels of 
aberrations and more negative spherical aberration than emmetropic subjects across 
the full range of accommodation. The effect of these differences in aberrations on the 
stimulus-response function measured with an Autoref R-1 are difficult to accurately 
predict in retrospect. However it is noteworthy that higher levels of negative spherical 
aberration will result in artificially higher lags of accommodation due to the 
measurement zone of the Autoref R-1. 
The effect of ocular monochromatic aberrations on accommodation response 
There was little evidence of an association between accommodation error and the root-
mean-square deviation of the wavefront for any of the subjects tested. The results for 
spherical aberration showed apparent associations for some subjects, however the 
interactions were not always clear and could have arisen through chance. Given the 
relatively limited magnitude of spherical aberration evident in eyes tested, this result is 
not surprising. While the presence of spherical aberration can be expected to increase 
the depth of focus of the eye, the magnitude of the aberrations need to be relatively 
large to have a substantial influence (eg. Tucker and Charman 1975; Charman and 
Whitefoot 1977; Legge et al. 1987). 
The Maltese cross stimulus target was comprised of a wide range of spatial 
frequencies and as a result, the accommodation response is likely to be driven by the 
mid to high spatial frequency components of the stimulus which are expected to be 
least influenced by the presence of spherical aberration. Under the photopic test 
conditions used, the Stiles-Crawford effect also serves to diminish the effectiveness of 
the peripheral rays entering the pupil and thereby may also reduce the influence of 
spherical and other aberrations on the accommodation response. 
It is of interest to note, that the error associated with spherical aberration of the eye 
influencing the readings of the Autoref R-1 (because of the measurement zone at 3 .5 
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mm) causes the opposite effect to the predicted accommodation response of the eye in 
the presence of spherical aberration. That is, negative spherical aberration causes the 
Autoref R-1 reading to be more hyperopic but the presence of negative spherical 
aberration should cause the eye to accommodate more, leading to a more myopic 
reading. These opposing factors will only cancel if the increase in accommodation 
response is the same dioptric level as the spherical aberration (at a 3.5 mm pupil). The 
following experiment (4.3) in this chapter, further investigates the effect of spherical 
aberration on accommodation response. 
Cross-over point, tonic accommodation and accommodation error 
It has often been suggested that the cross-over point of the stimulus-response function 
could coincide with the tonic accommodation level (Johnson 1976; Owens 1984; 
Charman 1986; Ramsdale and Charman 1989 ). There is some experimental evidence 
to support this contention (Johnson 1976; Ciuffreda, Hokoda, Hung and Semmlow 
1984; Tan and O'Leary 1988), although the correlation does not appear to be strong. 
In this study there was no consistent correspondence between the cross-over point of 
the stimulus-response function and the individuals tonic accommodation level. For 
two of the subjects the correspondence was within 0.5 D, but for the remaining three 
subjects the differences were substantial. It is possible that the tonic accommodation 
measurement was influenced by the effect of the proximal stimulus arising from the 
Autoref R-1 or the goggles used in the measurement procedure. 
There was also no indication of an association between the tonic accommodation level 
or cross-over point and the magnitude of the root-mean-squared deviation of the 
wavefront or spherical aberration. This finding is of interest, since it could be argued 
that if the monochromatic aberrations of the eye play a major role in influencing the 
lead and lag of steady-state accommodation, then the cross-over point will coincide 
with the minimum aberration level. For example, spherical aberration typically 
changes from positive to negative sign at intermediate accommodation levels. 
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However the plots of spherical aberration and root-mean-squared deviation versus 
accommodation error showed little interaction between these variables. 
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EXPERIMENT 4.3 
THE EFFECT OF INDUCED SPHERICAL ABERRATION 
ON ACCOMMODATION RESPONSE 
Introduction 
The results of the previous experiment were equivocal on the possible association 
between existing ocular aberrations and the accommodation response of the eye. To 
further investigate this question, known levels of spherical aberration were introduced 
to the tested eyes and the change in accommodation monitored in the fellow eye. This 
approach had the advantage that the level of aberration could be varied in a controlled 
manner. 
Methods 
Three young subjects (DS, MP and SA) participated in the experiment. They had 
previously participated in the experiment studying the monochromatic aberrations in 
fellow eyes across a range of accommodation levels (Chapter 3). The subjects had low 
refractive errors with little or no astigmatism (see Table 4.1). 
The experimental apparatus was similar to that used previously (Experiment 4.2) to 
study accommodation response characteristics. Subjects viewed the Maltese cross 
target with the right eye at distances of 67 cm or 33 cm through a Wratten 89B filter 
with a central 5 mm aperture (Figure 4.10). Similar alignment procedures were 
adopted to ensure accurate centration of the aperture along the visual axis. Spherical 
aberration was introduced before the right eye in the form of rigid contact lenses 
positioned against the front of the 5 mm aperture at a distance of about 12 mm from 
the eye. The accommodation response was measured simultaneously from the left 
eye. Because of the convergence associated with accommodation to the test distances 
of 67 cm or 33 cm, the target before the right eye was off-set to maintain correct 
alignment of the Autoref R-1 with respect to the left eye. 
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Figure 4.10: Experimental set-up for the study of the effect of spherical 
aberration upon accommodation response. A range of rigid contact lenses were 
used to induce spherical aberration in the right eye and were positioned over a 
5 mm entrance pupil. Correction lenses were used to compensate for the paraxial 
back vertex power of the contact lens and any refractive error of the subject. 
Accommodation response was measured from the left eye which was occluded 
from viewing the Maltese cross fixation target, positioned at 67 or 33 cm. 
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To induce the desired levels of spherical aberration a range of seven rigid contact 
lenses were designed making use of aspheric front surface optic zones. The variation 
in back vertex power of these lenses is shown in Figure 4.1 la, band c. None of the 
lenses showed a progression of power which exactly matches primary spherical 
aberration, however the lenses provided a reasonable approximation of various levels 
of spherical aberration. All of the lenses had between + 1.00 D and + 1.50 D of 
"unwanted" central back vertex power. This central power was corrected by placing an 
appropriate correcting lens immediately behind the 5 mm aperture, leaving only the 
spherical aberration and no central power (Figure 4.10). 
The spherical aberration (for a 5 mm aperture) introduced by these lenses was 
calculated at the plane of the 5 mm aperture ( 12 mm from the corneal plane) for target 
distances of 33 cm and 67 cm. The effect of the target distance on the level of 
spherical aberration (through the change in optical conjugates) was calculated to be 
small ( <0.02 D) for all lenses used. The level of induced spherical aberration at the 5 
mm aperture was: 
-3.1 D, -1.6 D, -0.6 D, -0.1 D, + 1.0D,+1.6 D and +3.1 D. 
The left eye was occluded from viewing the target but was used to measure the 
accommodation response assuming that whatever changes occurred in the 
accommodation response of the right (viewing) eye would be reflected in the left 
(occluded) eye (ie. a consensual response). Direct measurement of the 
accommodation response from the subjects' right (viewing) eyes was possible, 
however this approach created difficulties with reflections from the contact lens front 
surface (giving erroneous Autoref R-1 readings) and the need for correction of 
Autoref R-1 readings to compensate for the spherical aberration present in the contact 
lens. To check the reliability of the consensual response of the three subjects in the 
study, repeated accommodation readings were taken from both the viewing and 
occluded eyes at various target distances. The results showed an accurate consensual 
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Figure 4.1 la: Back vertex power profile of the rigid 
contact lenses used to induce spherical aberration. 
LSA at 5 mm chord for Lens J = + 1.6D, 
Lens K = + 1.0 D and Lens L = +3.2 D. 4.42 
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Figure 4.11 b: Back vertex power profile of the rigid 
contact lenses used to induce spherical aberration. 
LSA at 5 mm chord for Lens C = -1.4 D, 
Lens E = -0.6 D and Lens G = -0.1 D. 
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response for each subject, with the differences between eyes typically being less than 
0.12D. 
Ten valid accommodation readings were recorded for each lens tested and also with 
no lens present. The mean and standard deviation of the best sphere accommodation 
response was calculated for each level of induced spherical aberration and for each 
stimulus distance tested. The order of testing the lenses was randomised. Subjects 
were instructed just before and also during the set of ten readings, to fixate the centre 
of the cross and to "keep the cross as clear as possible". 
Natural pupils were used throughout the testing session and the pupil size was 
monitored continuously from the left eye (assuming a consensual pupil response 
between eyes). The room surface luminances were low photopic, averaging 5 cdfm2, 
which was necessary to maintain natural pupil sizes at greater than 5 mm (the size of 
the artificial pupil) throughout the testing. 
The accommodation response measured by the Autoref R-1 was corrected for the left 
eyes' spherical aberration using the same methods described in the previous 
experiment (4.2). A linear regression was calculated for the spherical aberration 
versus accommodation response derived from the aberroscope measurements for 
each of the three subjects. The accommodation responses measured in this experiment 
were then corrected for the effect of pre-existing ocular spherical aberration on the 
Autoref R-1 reading. 
Results 
For the three subjects tested the induced spherical aberration clearly influenced the 
accommodation response (Figure 4.12). The introduction of negative spherical 
aberration caused an increase in accommodation response while positive spherical 
aberration caused a decrease in accommodation response. 
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Figure 4.12: Change in accommodation response for subjects SA, MP and 
DS viewing a target at 67 cm with various levels of induced spherical 
aberration. Spherical aberration was induced with rigid contact lenses 
(in-air) placed over a 5 mm aperture close to the tested eye. 
Accommodation response was measured from the fellow eye (occluded 
from viewing the target). The pre-existing ocular spherical aberration 
for a 5 mm pupil in the tested eyes (viewing the target at 67 cm) was 
about -0.4 D for SA, +0.15 D for DS and-0.3 D for MP. The relative 
accommodation response (±S.D.) was normalized to the response with 
no (zero) induced spherical aberration. The data points have been slightly 
shifted along the x axis to clarify their relative positions. 
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The accommodation responses of subjects SA and MP are similar for the 67 cm 
target distance across the full range of induced spherical aberration (Figure 4.12). 
While the results for subject DS show a flatter (spherical aberration) stimulus-
response relationship, the general shape of the relationship is similar to that of the 
other two subjects (Figure 4.12). 
Up to about -1.5 D of induced negative spherical aberration the slope of the response 
appears to be approximately linear with a ratio of about 2 D of negative spherical 
aberration to 1 D of accommodation for subjects SA and MP. For subject DS the 
slope is much flatter in this region with a ratio of about 2 D of negative spherical 
aberration producing about 0.25 D of accommodation response. 
Compared with the negative spherical aberration, the positive spherical aberration side 
of the slope appears to be flatter for all three subjects. For subjects SA and MP there 
is a relatively flat slope for the induced spherical aberration levels of approximately 
+ 1.50 D to +3.00 D, while subject DS again shows some change in response for the 
higher levels of spherical aberration between +l.50 D and +3.00 D (as with the 
response to higher negative spherical aberration). 
The linear regressions relating relative accommodation response to induced spherical 
aberration for the 67 cm stimulus distance were: 
Subject SA y = 0.18 - 0.25 x 
Subject MP y = 0.33 - 0.31 x 
Subject DS y = 0.19 - 0.18 x 
(R2 = 0.78), 
(R2 = 0.85), 
(R2 = 0.79), 
where y = relative accommodation response in dioptres and x = induced spherical 
aberration in dioptres. Therefore the slopes of the linear functions ranged from 
approximately 1:3 to 1:5. The overall shape of the data sets are probably best 
described as an ogee or reversed S shape. 
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For subjects MP and DS the accommodation response was also measured at 33 cm 
for each of the induced spherical aberration levels (Figures 4.13a and b ). In both cases 
there is a tendency for the accommodation response to show a slightly greater lag of 
accommodation for the 33 cm condition compared with the equivalent 67 cm 
condition. 
The level of variability of response (standard deviation) was relatively constant for 
both small and large levels of induced spherical aberration. This suggests that 
spherical aberration does not substantially alter the magnitude of the eyes 
rnicrofluctuations, however continuous accommodation recording is necessary to 
fully explore this possibility since the 10 repeated measurements using the Autoref R-
1 provide a relatively coarse and irregular sampling of microfluctuations. 
Discussion 
By inducing a wide dioptric range of spherical aberration, it was possible to amplify 
the relatively subtle effects of spherical aberration on the accommodation response in 
photopic conditions with a stimulus target containing a wide spectrum of spatial 
frequencies. For two of the three subjects tested (SA and DS), data was collected for 
both the stimulus-response experiment ( 4.2) and the induced spherical aberration 
experiment ( 4.3). The stimulus-response slopes of both subjects were close to a slope 
of unity (see Figures 4.9a and c) in the stimulus-response experiment ( 4.2). For the 
spherical aberration stimulus to response experiment (at 67 cm with a 5 mm pupil), 
these two subjects had slopes of approximately 1:5 and 1:4 across the full 6 D 
stimulus range (see Figure 4.12). 
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Figure 4.13a: Change in accommodation response for subject MP viewing 
targets at 67 cm and 33 cm with various levels of induced spherical 
aberration. Spherical aberration was induced with rigid contact lenses 
(in-air) placed over a 5 mm aperture close to the tested eye. Accommodation 
response was measured from the fellow eye (occluded from viewing the target), 
assuming a consensual response between fellow eyes. The pre-existing ocular 
spherical aberration for MP for a 5 mm pupil was about -0.3 D in the tested eye 
(viewing the target) for both the 67 cm stimulus and 33 cm stimulus. The relative 
accommodation response is normalized to the response with no (zero) induced 
spherical aberration. The data points have been slightly shifted along the x axis 
to clarify their relative positions. 
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Figure 4.13b: Change in accommodation response for subject DS viewing 
targets at 67 cm and 33 cm with various levels of induced spherical 
aberration. Spherical aberration was induced with rigid contact lenses 
(in-air) placed over a 5 mm aperture close to the tested eye. Accommodation 
response was measured from the fellow eye (occluded from viewing the target), 
assuming a consensual response between fellow eyes. The pre-existing ocular 
spherical aberration (5 mm pupil) for DS in the tested eye (viewing the target) 
was about +0.15 D for the 67 cm stimulus and +0.25 D for the 33 cm stimulus. 
The relative accommodation response is normalized to the response with no 
(zero) induced spherical aberration. The data points have been slightly shifted 
along the x axis to clarify their relative positions. 
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Charman et al. (1978) found little evidence for a change in optimal refraction (which 
can be equated with accommodation) in the presence of about + 1 D of natural positive 
spherical aberration in the eyes of two subjects. However in a recent study of the 
accommodation response to spherical aberration induced by soft contact lenses, Cui, 
Campbell, Voisin and Charman (1993) did find evidence for accommodation 
response to spherical aberration (albeit a lower than expected level of accommodation 
response) (Figure 4.14). They predicted that the optimal level of accommodation 
(defocus) would correspond to a level halfway between the central and peripheral 
focus based upon a technique for minimising the deviation of the transverse aberration 
profile (Campbell, Charman, Voisin and Cui 1993; Cui et al. 1993). However their 
results showed that the accommodation response was much lower than expected, in 
the range of 9% to 38% of the spherical aberration level present. This finding is in 
broad agreement with the average levels of 20% to 25% found in this study. These 
values are much lower those that would arise if the accommodation response was to 
position the circle of least confusion on the retina. Geometrical optics predicts that the 
level of defocus (accommodation) necessary to position the circle of least confusion 
on the retina would be 67% of the difference between the central and peripheral focus 
(Charman et al. 1978). 
One of the noticeable features of the plot of induced spherical aberration versus 
accommodation response is the steeper slope on the negative spherical aberration side 
of the data (Figure 4.12). No difference was expected between the influence of 
positive and negative aberration on the accommodation response. Interestingly the 
data of Cui et al. (1993) may also show a lower relative accommodative response to 
positive spherical aberration compared with negative spherical aberration; however 
only one of the three contact lenses used in their study had negative spherical 
aberration. 
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Figure 4.14: A comparison between the average accommodation responses 
measured in this study (for 3 subjects and 2 test distances) to induced spherical 
aberration, the data of Cui et al 1993 normalised to a 5 mm pupil as used in this 
study, and two theoretical responses based on 50% and 67% defocus 
(accommodation response) to the spherical aberration. Fifty percent defocus 
corresponds to the prediction of Cui et al that the accommodation response could 
work to optimise the transverse ray aberration profile. Sixty-seven percent defocus 
corresponds to a level of accommodation which would position the circle of least 
confusion on the retina in the presence of spherical aberration. 
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The pre-existing ocular spherical aberration (with a 5 mm pupil and 67 cm stimulus 
distance) was -0.4 D for subject SA, +0.15 D for subject DS and -0.3 D for subject 
MP. Assuming that the induced spherical aberration and ocular spherical aberration 
were linearly additive would cause a small shift in each subject's total spherical 
aberration. However these small offsets make little difference to the general shape of 
the functions and do not appear to account for the apparent asymmetry. Other pre-
existing ocular aberrations in the subjects' eyes are likely to influence the 
accommodation response, but these aberrations will have a constant influence for each 
of the conditions (ie.contact lenses) tested and therefore should not introduce 
confounding errors in the data. 
Careful examination of the back vertex power distributions of the rigid contact lenses 
used in the study provided an interesting possibility to at least partly explain this trend. 
Lenses J and K (Figure 4.1 la) were responsible for the data at +1.0 D and +1.6 D of 
induced spherical aberration (respectively). These lenses differ from all other lenses 
tested in that they show a small but significant negative shift in back vertex power 
between the central back vertex power and the sagittal back vertex power readings at a 
2 mm chord, before shifting in power back in the positive direction. Such shifts in 
back vertex power in the negative direction within the central region of the lens could 
be important in influencing the aggregate accommodation response. This could arise 
because of the relative importance of the central rays in determining optimal focus for 
high spatial frequency stimuli such as the target used in this experiment. This 
hypothesis could explain the small shifts of the accommodation responses in the more 
positive direction noted with these particular lenses. With rigid lenses whose power 
distribution could be manufactured to very high tolerances it would be possible to 
further investigate this hypothesis. 
One of the factors which is likely to influence accommodation response to spherical 
aberration in this study is the spatial frequency content of the target (Charman and 
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Tucker 1977). The Maltese cross used in this study is comprised of a wide range of 
spatial frequencies, but the predominant frequencies at the centre of the cross where 
the subjects fixated are high spatial frequencies. These high frequencies will tend to 
reduce the accommodation response to spherical aberration (ie. low spatial frequencies 
are more influenced by the marginal rays). Therefore if this experiment were to be 
repeated with a sine wave stimulus of low spatial frequency, it might be expected that 
the slope of accommodation response to spherical aberration magnitude would be 
steeper. 
The Stiles-Crawford effect was also active under the photopic test conditions with 
relatively large pupil sizes, which may again serve to reduce the magnitude of the 
spherical aberration's influence on optimal focus. However the likely magnitude of 
this effect is difficult to predict. 
Spherical aberration is frequently used in the design of contact lenses for the 
correction of presbyopia. The results of this study suggest that if negative spherical 
aberration is used in the contact lens design, then the presbyopic patient wearing the 
lens will tend to accommodate more than when viewing through a single vision 
contact lens with the same central back vertex power. In the case of a contact lens with 
positive spherical aberration, the wearer will tend to accommodate less. 
The results from this experiment provide some of the first information on the relative 
role of the peripheral rays entering the pupil in the stimulation of the accommodation 
response. In the same way that the Stiles-Crawford function defines the relatively 
diminished influence of peripheral rays in stimulating a brightness response in the 
retina, these data illustrate the relatively diminished influence of peripheral rays in 
stimulating an accommodation response via the retina. 
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EXPERIMENT 4.4 
SPHERICAL ABERRATION AND 
ACCOMMODATION MICROFLUCTUATIONS 
Introduction 
The possible interactions between accommodation microfluctuations and the 
monochromatic aberrations of the eye are numerous and complex. Alpern (1958) 
suggested that in steady-state accommodation, microfluctuations could provide 
feedback for accommodation control through modulation of the retinal image 
contrast. 
Ward and Charman (1985) note that if steady-state microfluctuations are under active 
control, to produce a constant change in retinal image contrast, larger fluctuations in 
accommodation would be required with smaller pupils (ie. increased depth of focus). 
Gray et al. (1993a) measured steady-state accommodation microfluctuations as 
artificial pupil size was varied. They found that the power of the HFCs were largely 
unaffected by variations in pupil size, while the power of the LFCs (categorized as < 
0.6 Hz) were higher for pupil diameters less than 2 mm and relatively constant for 
pupil diameters greater than 2 mm. These findings were interpreted as evidence for 
the possible role of LFCs in the control of steady-state accommodation. 
The presence of spherical aberration increases the depth of focus of the eye ( eg. Legge 
et al. 1987). Therefore if microfluctuations provide active contrast feedback to the 
accommodation control mechanism, the introduction of spherical aberration should 
enlarge the magnitude of microfluctuations necessary to produce an equivalent change 
in retinal contrast. 
In the following experiment, the level of spherical aberration of the eye was altered 
and accommodation microfluctuations measured. By simultaneously measuring the 
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pulse rate and having the subject breathe at a fixed respiration rate, it was possible to 
accurately identify the contributions of these elements of the cardiovascular system to 
the accommodation microfluctuations. In this way, the potential influence of changes 
in spherical aberration could be identified in the microfluctuation analysis. 
Methods 
Four young subjects were tested, but data from two of the subjects were not analysed 
because of: problems with the pupil size contracting to less than 5 mm on regular 
occasions during testing for one subject (RC) and problems with maintenance of 
fixation and focusing for the other subject (MP). Two young subjects (ML and SA) 
with little or no refractive error and good visual acuity in each eye completed the 
experiment. They were both experienced subjects and had previously successfully 
participated in studies using the Autoref R-1 for the continuous measurement of 
accommodation. 
For each condition tested the subject viewed a letter chart target at 50 cm through a 5 
mm artificial pupil before the right eye with the left eye occluded. Four continuous 
accommodation recordings were taken for each condition, each of 40 sec duration. 
Three experimental conditions were tested with the subject viewing: 
( 1) with + 1.1 D of spherical aberration, 
(2) with +2.2 D of spherical aberration, and 
(3) with no induced spherical aberration. 
Legge et al. ( 1987) calculated the theoretical influence of spherical aberration upon 
depth of focus by adopting a criterion of the MTF falling to 50% of its peak 
amplitude. They found that the depth of focus of an eye with + 1.22 D spherical 
aberration (for a 5.4 mm pupil) should be about 2.5 times greater than that of an 
aberration-free eye, when both eyes viewed a 32 cycle/deg stimulus. This level of 
spherical aberration is close to the + 1.1 D of spherical aberration for a 5 mm pupil 
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used in this study. 
Spherical aberration was introduced through the use of rigid contact lenses positioned 
against a 5 mm pupil as close as possible to the eye. The contact lenses were designed 
with an aspheric front surface and spherical back surface and produced positive 
spherical aberration at a 5 mm pupil (2.5 mm ray height) of+ 1.1 D and +2.2 D for a 
50 cm object distance (Figure 4.15). The two lenses both had unwanted central power 
of about+ 1 D, which was corrected with a lens immediately behind the 5 mm pupil. 
Both subjects had previously had their monochromatic aberrations assessed using the 
aberroscope. For a 2 D accommodation stimulus, subject SA's right eye had 
approximately -0.25 D of spherical aberration and subject ML's right eye had 
approximately -0 .15 D of spherical aberration. These levels of pre-existing spherical 
aberration can be simply added to the induced spherical aberration (ie. ocular LSA + 
induced LSA = total LSA) to give an indication of the likely overall levels of 
spherical aberration present for both subjects. The effects of the pre-existing spherical 
aberration are therefore relatively minor compared with the induced spherical 
aberration. 
Subjects viewed the centre of a letter on the target (each letters' height subtended 7 
min of arc) with the right eye at a distance of 50 cm (2 D demand) with the 
instruction to "keep the target as clear as possible", while the continuous 
accommodation response was measured simultaneously from the occluded left eye. 
The decision to use the consensual accommodation response rather than direct 
accommodation response from the viewing eye was taken for a number of reasons. 
The continuous voltage output of the Autoref R-1 can be influenced by the presence 
of lenses in the beam path. In pilot experiments undertaken, the presence of the highly 
curved contact lens and correcting lens in the beam path had interfered with the signal 
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Figure 4.15: Back vertex power across the optic zone of the two rigid 
contact lenses used to introduce spherical aberration. The lens in the 
upper panel had + 1.06 D of positive spherical aberration for a 5 mm 
pupil (ie. 2.5 mm ray height). The lens in the lower panel had +2.24 D 
of positive spherical aberration for a 5 mm pupil. Error bars are± 1 S.D. 
Measurements taken with a modified vertometer (see Chapter 2). 
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recorded. On the other hand, the left eye could be used for continuous recording 
with no intervening lenses. There is substantial evidence of consensual 
accommodation microfluctuations. Campbell (1960) simultaneously measured the 
accommodation response from both eyes of the one subject and found similar 
fluctuation characteristics. Winn, Heron, Pugh and Eadie (1986) and Heron and Winn 
(1989) used a binocular infrared optometer and reported similar accommodation 
microfluctuations in the right and left eyes of the same subject. 
The pupils of both right and left eyes were dilated with two drops of 2.5 % 
phenylephrine prior to continuous accommodation recordings. While phenylephrine 
has a small effect on the accommodation amplitude, it is reported that phenylephrine 
does not significantly alter the microfluctuations of accommodation (Kotulak and 
Schor 1986a). The pupil size of the left eye was monitored during accommodation 
recordings using a series of calibrated concentric rings which were drawn onto the 
video monitor of the Autoref R-1, and corresponded to pupil sizes of 4.5, 5, 6, 7, 8, 9 
and 10 mm (see Figure 4.4). The pupil size did not fall below 5 mm during any of 
the recordings for the two subjects. 
The stimulus target was a black letter chart against an internally illuminated white 
background. The background luminance was 160 cdfm2 and letter luminance was 1.4 
cdfm2, which using 
100 (Lmax - Lmin) I (Lmax + Lmin) 
gives a contrast of 98 %. The room illuminance was photopic and averaged 120 lux. 
The subject alignment procedure was conducted prior to accommodation recording. 
To immobilize head movements, the subjects were positioned at the Autoref R-1 in a 
bite bar with a brow bar and connecting strap behind the head. The alignment 
procedure involved first aligning the left eye's visual axis with the measurement axis 
of the Autoref R-1. The 5 mm pupil and lens assembly (which were attached to the 
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body of the Autoref R-1) were then subjectively aligned with the visual axis of the 
right eye using the vignette of the 5 mm aperture surrounding the target stimulus. An 
additional aid to alignment came from the contact lens itself; when viewing off-axis 
through the aspheric lenses the vision is significantly affected by oblique astigmatism. 
Since Collins et al. (1995b) had shown that respiration rate has an apparent 
modulating effect on accommodation microfluctuations it was important to attempt to 
control this variable in the accommodation power spectrum results. During the 
continuous accommodation readings, the subjects' respiration rate was regulated at 
0.25 Hz (ie. a breath every 4 sec). This was achieved by having the subject breathe in 
and then out on the two second rhythm of an audible timer. Through this 
methodology, it was intended that the respiration component of the accommodation 
power spectrum should be clearly identifiable at the 0.25 Hz frequency. Changes in 
the low frequency components of the accommodation power spectrum resulting from 
the introduction of spherical aberration should therefore be easier to identify. 
The subjects' pulse rate and respiration rate were also measured during each of the 
experimental conditions tested. Pulse rate was measured through the use of a sensitive 
microphone secured over the right carotid artery and respiration was measured 
through the placement of a miniature microphone just below a nostril (Figure 4.16). 
Both pulse and respiration signals were acquired simultaneously with the 
accommodation record and stored via an analogue to digital converter in a personal 
computer. 
For each of the three experimental conditions tested ( + 1.1 D LSA, + 2.2 D LSA and 
no induced LSA) there were 4 consecutive 40 sec signals recorded for 
accommodation, pulse and respiration for both subjects (a total of 36 x 40 sec 
recordings for each subject). A small interval of about 1 minute elapsed between each 
set of recordings, during which time the subject remained aligned in the apparatus, 
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Figure 4.16: The measurement of pulse and respiration using miniature 
sensitive microphones. Carotid artery pulse is measured with the 
microphone inside a stethoscope cup and respiration with the microphone 
just below a nostril. 
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and during this period the subjects continued to breathe in rhythm with the 0.25 Hz 
timer. 
The recordings were subsequently analysed by performing an FFT on each 40 sec 
signal and then averaging the resulting power spectra. Blink artefacts were removed 
from each of the accommodation signals prior to analysis. The instantaneous pulse 
rate was derived from the pulse records and also analysed. By using 40 sec 
recordings the frequency resolution was 0.025 Hz for all power spectra. In the 
following discussion the LFCs were derived from the 0.1 Hz to 0.575 Hz region of 
the power spectra and the HFCs from the 0.6 Hz to 2 Hz region. 
Results 
Power spectra 
The average power spectra for accommodation, pulse and instantaneous pulse rate are 
presented in Figures 4.17a, b and c for subject ML and Figures 4.18a, band c for 
subject SA As found by Collins et al. (1995b), the power spectra for respiration 
showed a close association between the major peak and a major peak in the related 
instantaneous pulse rate power spectrum. For this reason the respiration power 
spectra have not been plotted. 
Respiration 
For both subjects there is a peak in the accommodation power spectra at or very near 
to a frequency of 0.25 Hz for all of the test conditions. This peak shows clear 
correspondence with a peak in the instantaneous pulse rate at 0.25 Hz (also with the 
major peak of the respiration power spectra which are not plotted). These results 
confirm the trends suggesting an association between rhythms in the instantaneous 
pulse rate-respiration and accommodation which were evident in the data of Collins et 
al. (1995b). Such a clear and consistent association is unlikely to result from chance. 
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Subject : M.L. No induced spherical aberration. 
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Figure 4.17a: Power spectra for subject ML viewing the stimulus through a 5 mm pupil 
with no induced spherical aberration. The power spectra are the average of 4 x 40 sec 
recordings. Respiration was fixed at 0.25 Hz. 
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Figure 4.17b: Power spectra for subject ML viewing the stimulus through a 5 mm pupil 
with + 1.1 D induced spherical aberration. The power spectra are the average of 4 x 40 sec 
recordings. Respiration was fixed at 0.25 Hz. 
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Subject: M.L. +2.2 D Induced spherical aberration 
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Figure 4.17 c: Power spectra for subject ML viewing the stimulus through a 5 mm pupil 
with +2.2 D induced spherical aberration. The power spectra are the average of 4 x 40 sec 
recordings. Respiration was fixed at 0.25 Hz. 
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Subject: S.A. No induced spherical aberration. 
ACCOMMODATION 
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Figure 4.18a: Power spectra for subject SA viewing the stimulus through a 5 mm pupil 
with no induced spherical aberration. The power spectra are the average of 4 x 40 sec 
recordings. Respiration was fixed at 0.25 Hz. 
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Subject: S.A. + 1.1 D Induced spherical aberration 
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Figure 4.18b: Power spectra for subject SA viewing the stimulus through a 5 mm pupil 
with + 1.1 D induced spherical aberration. The power spectra are the average of 4 x 40 sec 
recordings. Respiration was fixed at 0.25 Hz. 
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Subject: S.A. +2.2 D Induced spherical aberration 
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Figure 4.18c: Power spectra for subject SA viewing the stimulus through a 5 mm pupil 
with +2.2 D induced spherical aberration. The power spectra are the average of 4 x 40 sec 
recordings. Respiration was fixed at 0.25 Hz. 
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The relative power of the LFCs is much higher across all test conditions for subject 
SA. For the frequency range up to 0.6 Hz the average power/Hz for subject SA is 5 to 
8 times higher than that for subject ML. Such differences in spectral characteristics are 
not uncommon between subjects (Collins et al. 1995b). 
Pulse 
The association between the major peaks of the pulse rate and corresponding peaks in 
the accommodation power spectra are obvious in the data of subject ML for the three 
conditions tested. In the averaged power spectra for the +2.2 LSA lens condition both 
the pulse rate peak and the corresponding peak in the accommodation power spectrum 
are relatively broad, as the result of variability in pulse rate between the 4 x 40 sec 
recording periods (range was approximately 1.0 Hz to 1.2 Hz). The pulse rate is often 
higher than normal during this type of experiment because of the demanding 
experimental conditions including the bite bar, head restraint, regulated breathing rate, 
stethoscope taped to the carotid artery, required stillness, and fixation and focusing 
requirements. 
While the accommodation power spectra for subject SA appear to show little power in 
the region of the pulse rate, this is a result of the scaling to account for the high power 
in the LFCs. In fact the average power in the HFCs of subject SA's power spectra are 
marginally higher than those of subject ML for all three test conditions. Since the 
LFCs were considered of primary interest in this study, the power is scaled to the 
LFCs. 
The influence of spherical aberration 
There was no obvious influence of the induced spherical aberration upon the 
accommodation power spectra for either of the two subjects results. To quantify this 
comparison, the power/Hz of both the HFC and LFCs of the averaged power spectra 
have been plotted for each subject and condition in Figure 4.19. 
4.69 
N 
:c 
>::: 
Q) 
;= 
0 
a.. 
N 
:c 
>::: 
Q) 
;= 
0 
a.. 
0.04 
Subject ML 0 LFC 
• HFC 
0.03-
) 
0.02-
0.01 f f 
t: ~ 
0.00 . . 
-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Induced LSA (D) 
0.20 ....------------------------. 
0.15 
0.10 
0.05 
Subject SA 
a LFC 
• HFC 
• R f 0.00 -+---.,..---..-------.----.----.----"'----r-------1 
-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Induced LSA (D) 
Figure 4.19: The effect of induced LSA on the power/Hz of the 
HFC and LFC of the accommodation power spectra of subjects 
ML and SA. LFCs were classified as frequencies 0.1 Hz to 
0.575 Hz, while HFCs were 0.6 Hz to 2 Hz. 
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For subject SA the power/Hz of the LFCs changed from 0.08 (±0.03) for the control 
condition to 0.11 (±0.07) for the +1.1 D LSA condition and 0.09 (±0.01) for the 
+2.2 D LSA condition. For subject ML changes were also relatively minor, the 
power/Hz of the LFCs changed from 0.010 (±0.004) for the control condition to 
0.023 (±0.010) 
for the +1.1 D LSA condition and 0.015 (±0.007) for the +2.2 D LSA condition. 
These changes are not statistically significant and suggest that the introduced LSA has 
no clear effect on the LFCs of the accommodation microfluctuations. 
As anticipated, the power/Hz of the HFCs also did not vary significantly as the level 
of LSA changed. Winn et al. (1990a) have shown that these fluctuations are 
associated with arterial pulse and therefore should be unaffected by variations in the 
stimulus conditions such as those used in this experiment. 
A further consequence of the introduction of positive spherical aberration in this 
experiment is a likely reduction in the average accommodation response. The results 
of the experiment in Chapter 4.3 suggest that the likely change in response would be 
about 0.25 D for the + 1.1 D LSA lens and about 0.5 D for the +2.2 D LSA lens 
(assuming a 1:4 dioptric response). These small shifts in average response are 
unlikely to influence the magnitude or nature of the microfluctuations under 
consideration. 
Discussion 
The introduction of the substantial levels of spherical aberration to the eyes in this 
experiment should cause the depth of focus to increase. The amount of increase is 
difficult to accurately predict and is dependent upon a variety of factors such as the 
pre-existing ocular aberrations, pupil size, axial length of the eye, the spatial 
frequency and contrast of the stimulus, the Stiles-Crawford effect and the method of 
defining the depth of focus (Black and Linfoot 1957; Tucker and Charman 1975; 
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Charman and Whitefoot 1977; Charman and Heron 1979; Green, Powers and Banks 
1980). 
If the microfluctuations provide active contrast feedback to the accommodation control 
mechanism as suggested by Alpern (1958) and Kotulak and Schor (1986c), then it 
could be argued that the spherical aberration introduced to the tested eyes in this 
experiment should enlarge the dioptric range of microfluctuations necessary to 
produce an equivalent change in contrast. However such a response was not apparent 
in the two subjects studied and if present, should have been evident as an increase in 
the magnitude of one or more component frequencies of the microfluctuations. 
If LFCs actively contribute to steady-state accommodation control by modulating 
contrast, they should increase in amplitude in degraded stimulus conditions and when 
the depth of focus of the eye is increased. LFCs of the microfluctuations have been 
reported to vary as a function of some stimulus conditions. Charman and Heron 
(1988) and Winn and Gilmartin (1992) have commented that the data presented by 
Campbell, Robson and Westheimer (1959) shows an increased LFC amplitude when 
pupil size is decreased (ie. depth of focus is increased). Charman and Heron (1988) 
and Gray et al. (1993b) have found that LFCs increase in magnitude in low luminance 
conditions. Recent studies by Owens et al. (1994) and Gray and Winn (1994) have 
reported increased LFC amplitudes for decreased pupil sizes and low spatial frequency 
stimuli (respectively). Collectively these findings suggest that the LFCs may 
contribute to the steady-state accommodation control system as suggested by various 
authors (Charman and Heron 1988; Gray et al. 1993b; Owens et al. 1994). 
The results of this experiment suggest that the variation in depth of focus associated 
with spherical aberration does not alter the nature of accommodation microfluctuations 
in either the HFCs or LFCs. This result might arise because only two subjects were 
tested and they may have had atypical responses to the alteration in depth of focus 
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associated with the two induced levels of spherical aberration. Alternately the 
microfluctuations of steady-state accommodation may be independent of the changes 
induced in the depth of focus of the eye. To further address this question it may be 
useful to consider the distinction between rhythmic microfluctuations and drifts of 
accommodation and their effects on power spectra results. 
It is likely that under conditions where the visual stimulus is degraded (tending toward 
open-loop conditions), the accommodation response will be less accurate. In these 
circumstances the response will probably drift slowly because of a lack of visual 
feedback. Such drifts or slow oscillations have been noted in open-loop conditions 
and are not rhythmic (Westheimer 1957; Campbell et al. 1958; Smith 1983; Kothe et 
al. 1987; Johnson et al. 1984). When analysed using Fourier techniques these slow 
drifts will appear primarily as an increase in low frequency noise (ie. they will 
contribute power but are unlikely to have a specific frequency peak). This explanation 
may to some extent account for findings of increased LFCs power under conditions 
tending toward open-loop (eg. Charman and Heron 1988; Gray et al. 1993b; Owens 
et al. 1994; Gray and Winn 1994). 
Given the apparent associations between certain high and low frequency components 
of the microfluctuations with the cardiovascular system, it is possible that all 
microfluctuations of accommodation simply represent involuntary cyclic variations in 
the power of the eye. In this scenario, the microfluctuations may be of no functional 
value or may be used by some accommodation control processes. Small changes in 
the dioptric power of the eye (microfluctuations) will modulate the contrast of the 
retinal image and are probably of sufficient magnitude to be detected by the retina. 
However it does not necessarily follow that the microfluctuations are under any form 
of active control. 
Evidence from Winn et al. (1990a) and Owens at al. (1991) linking the HFC with 
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arterial pulse suggests that the HFC should not actively change characteristics as a 
result of changes in depth of focus. However this does not rule out the possibility that 
the HFC could passively contribute to steady-state accommodation control. The 
results of this study also show a clear association between pulse rate and a HFC of the 
accommodation microfluctuations and no obvious changes in the HFC as the level of 
spherical aberration was altered. This finding is consistent with those of Gray et al. 
(1993a) for decreasing pupil sizes and Gray et al. (1993b) for decreasing luminances. 
Some variability in the power of the low frequency components of the 
microfluctuations may occur as a result of slow autonomic nervous system rhythms 
which modulate the instantaneous pulse rate and blood pressure. The Mayer wave 
(blood pressure rhythm) has a cycle time of between 6 s and 20 s (0.05 Hz to 0.17 
Hz) and the Traube Hering wave (minute rhythm) has a cycle time of between 20 s 
and 100 s (0.01 Hz to 0.05 Hz) (Raschke and Hildebrandt 1982). The Traube Hering 
wave has been detected in continuous recordings of intraocular pressure by Bain and 
Maurice (1959). These slow rhythms could affect accommodation microfluctuations 
through the modulation of the intraocular pulse frequency or amplitude or through the 
direct influence of the autonomic nervous system on the ciliary muscle, in the same 
way as sinus arrhythmia. 
It is clear from the results of this experiment that studies of microfluctuations should 
control the subject's respiration rate to facilitate the identification of its contribution to 
the LFCs of the microfluctuations. The proposition that microfluctuations are not 
under active control and are primarily a reflection of underlying cardiovascular 
rhythms requires further investigation. 
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CONCLUSIONS 
By measuring both the monochromatic aberrations of the eye and the accommodation 
response across a similar range of accommodation levels it was possible to study the 
interactions between these variables. It was first important to establish the potential 
role of pre-existing monochromatic aberrations on the readings of the Autoref R-1 
optometer. The results of an experiment using a model eye clearly showed the 
potential for pre-existing spherical aberration to influence the Autoref R-1 reading and 
thereby influence results such as the stimulus-response function of some of the 
subjects tested. The effects of asymmetric third-order aberrations on Autoref R-1 
readings are more difficult to predict and warrant further study, given the widespread 
use of this optometer in the research community. 
There was little evidence of interaction between the natural monochromatic aberrations 
of the eye and accommodation error, tonic accommodation or the cross-over point of 
the stimulus-response function. For some subjects there appeared to be a potential 
association between spherical aberration and accommodation error, but the results 
were not conclusive. 
There was however a clear effect of spherical aberration on accommodation response 
when higher levels of spherical aberration were induced through the use of aspheric 
surface rigid contact lenses. The accommodation response to this spherical aberration 
was approximately in the ratio of 1 D accommodation response to 4 D of spherical 
aberration (at the edge of a 5 mm pupil). Factors such as the Stiles Crawford effect 
and the spatial frequency content of the target probably influenced the magnitude of 
the relationship between the spherical aberration and accommodation response. 
The introduction of spherical aberration caused no apparent changes in the 
characteristics of steady-state accommodation microfluctuations. This suggests that 
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the microfluctuations of steady-state accommodation may be independent of changes 
in the depth of focus of the eye. 
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CHAPTER s 
CONCLUSIONS 
The retinal image which forms in the human eye is influenced by a variety of 
monochromatic aberrations. The effects of these aberrations become more 
pronounced at larger pupil sizes and they are known to change with accommodation 
level. Since monochromatic aberrations cause defocus of the retinal image, they 
should cause alterations in the optimal accommodation response of the eye. Some of 
the potential interactions between accommodation and monochromatic aberrations 
have been studied in the work reported in this thesis. 
The effect of accommodation on monochromatic aberrations 
The effect of accommodation on the nature and magnitude of monochromatic 
aberrations was studied using the aberroscope technique (Chapter 3). The aberrations 
were measured in single dioptre steps of accommodation up to the subject's 
maximum amplitude of accommodation and were recorded in both eyes of eleven 
subjects. Data was obtained for accommodation levels up to 6 D in some subjects 
which substantially extends the range of previous studies of this interaction. These 
measurements also provided the opportunity to compare the monochromatic 
aberrations in fellow eyes of individuals across a range of accommodation levels. 
Previous studies of the correlation in monochromatic aberrations between eyes have 
been limited in terms of the subject numbers and the levels of accommodation tested. 
As with previous studies of monochromatic aberrations of the eye, the third-order 
components of the aberrations were found to be of greater magnitude than fourth-
order components (van den Brink 1962; Smimov 1961; Howland and Howland 1977; 
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Walsh et al. 1984; Campbell et al. 1990; Atchison et al. 1995; Collins et al. 1995a). 
The third-order components are likely to result from factors such as pupil decentration 
or asymmetries in the surfaces, centration, tilt or refractive index distribution of the 
optical components of the eye relative to the visual axis. The third-order to fourth-
order components, as measured by the mean squared error of the wavefront, were 
shown a consistent ratio of about 4: 1 (for a 5 mm pupil) across various studies 
including this study (Howland and Howland 1977; Walsh et al. 1984; Atchison et al. 
1995; Collins et al. 1995a). 
As anticipated, the spherical aberration of the subjects became progressively more 
negative in power with increasing accommodation (p=0.0001). This trend was 
obvious in the results of 8 of the 11 subjects tested and the three remaining subjects 
showed little overall change in spherical aberration. Since this study had extended the 
range of accommodation further than previous studies, the slope of the linear 
regression between group mean spherical aberration and accommodation was 
calculated. A linear regression on the longitudinal spherical aberration versus 
accommodation level gave: 
y = p2 (0.13 - 0.09x) /16, 
where y is longitudinal spherical aberration (D), xis accommodation level (D) and p 
is the pupil size (mm) of interest. 
The aberration data showed a trend towards a higher MSE (p=0.06) and lower 
Man~chal limits with increasing accommodation levels which has not previously been 
reported. This may be because previous studies have used only a relatively limited 
range of accommodation. The implications of increasing levels of monochromatic 
aberrations at higher levels of accommodation may be of importance for the study of 
refractive error development, since there is some support for the potential linkage 
between near work (ie. accommodation) and myopia development. 
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There was substantial correlation in the magnitude and sign of the spherical aberration 
present in the fellow eyes of individuals across the range of accommodation levels 
tested. There is some limited evidence to support this finding from previous studies 
(Lu et al. 1993; Campbell et al. 1990). However for the third-order components of the 
wavefront, there was little correlation between fellow eyes. 
To investigate if the changes in monochromatic aberrations associated with 
accommodation could be at least partly caused by changes in anterior corneal 
topography, a study was undertaken with ten subjects using a videokeratoscope (the 
PAR Corneal Topography System). Previous studies of accommodation and corneal 
topography have been limited to more central corneal zones and limited ranges of 
accommodation. The accuracy of the videokeratoscope used in this study should also 
have been substantially better than the early photokeratoscopes used in previous 
studies. An accommodation stimulus (0, 2, 4 and 6 D) was presented to the left eye 
while corneal topography measurements were taken from the right eye. The results 
suggested that no changes occurred in the topography of the anterior cornea during 
accommodation up to 6 D. 
Accommodation response to monochromatic aberrations 
In the experiments outlined in Chapter 4, subjects whose monochromatic aberrations 
had been measured with the aberroscope participated in experiments to study the 
possible influence of existing and induced aberrations on the accommodation 
response. Any deviation of the wavefront of the eye from a perfect focus could cause 
a compensatory accommodation response to optimise the focus of the eye. 
The experiments made use of the Canon Autoref R-1 to investigate various aspects of 
the interactions between monochromatic aberrations and the accommodation 
response. It was therefore important to establish the region of the pupil used by the 
Autoref R-1 in deriving a reading of the refractive power of the eye. This region was 
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estimated to be centred around a 3.5 mm diameter, which meant that the Autoref R-1 
readings at different accommodation levels encompassed the effect of the 
monochromatic aberrations of the eye (from this region). While some authors 
(Charman et al. 1978; Charman and Walsh 1989) have suggested that such errors 
may exist with optometers, this study was able to quantify some aspects of the error 
associated with this feature of the Autoref R-1 optometer. 
The effect of many types of monochromatic aberrations on the Autoref R-1 results are 
difficult to accurately predict (eg. coma because of its asymmetric nature) and warrant 
further study, however the effects of symmetrical aberrations such spherical 
aberration can be predicted more reliably. To relate the accommodation readings taken 
with the Autoref R-1 to the "true" paraxial power of the eye, the dioptric level of LSA 
(measured with the aberroscope at a 3.5 mm chord) was used to off-set the 
accommodation response measured by the Autoref R-1. For a typical subject with a 
lead of accommodation and positive spherical aberration for far stimuli and a lag of 
accommodation and negative spherical aberration for near stimuli, the error induced 
by the Autoref R-1 measurement zone is an increase in both the lead and lag of 
accommodation which leads to a flattening of the stimulus-response curve. 
Taking account of the errors induced by the Autoref R-1 measurement zone the 
following experiments investigated the effect of pre-existing and induced aberrations 
upon the accommodation response. In the first experiment, stimulus-response 
relationships were measured for five subjects and then analysed to investigate if the 
subjects' existing aberrations may have influenced the magnitude of their 
accommodation response. 
There was no evidence of an association between accommodation error and the root-
mean-square deviation of the wavefront for any of the subjects tested. The results for 
spherical aberration and accommodation error were also unconvincing, with some 
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possible associations for some subjects, however the interactions could have arisen 
through chance. There was also no consistent correspondence between the individuals 
tonic accommodation level and the cross-over point of the stimulus-response function 
or the individuals tonic accommodation level and the magnitude of the root-mean-
squared deviation of the wavefront or spherical aberration. The pre-existing 
monochromatic aberrations of the eye are generally small in magnitude and it was 
therefore not surprising that an interaction between accommodation response and pre-
existing monochromatic aberrations was not apparent. This study appears to be the 
first attempt to measure this potential interaction. 
To further investigate the possible association between ocular aberrations and the 
accommodation response of the eye, known levels of spherical aberration were 
introduced to the tested eyes through the use of aspheric rigid contact lenses (in air). 
There was a clear effect of spherical aberration on accommodation response, 
approximately in the ratio of 1 D accommodation response to 4 - 5 D of spherical 
aberration (for a 5 mm pupil). This ratio was in broad agreement with the findings of 
Cui et al. (1993) who used aspheric soft contact lenses (on-eye) to induce spherical 
aberration. 
The measured responses were less than those predicted if the optimal level of 
accommodation (defocus) corresponded to a level halfway between the paraxial and 
peripheral focus (Campbell et al. 1993; Cui et al. 1993) or if the accommodation 
response was to position the circle of least confusion on the retina at 67% of the 
difference between the central and peripheral focus (Charman et al. 1978). The factors 
which were likely to have reduced the accommodation response to spherical 
aberration in this study include the spatial frequency content of the target and the 
Stiles-Crawford effect. Future studies could quantify the influence of the spatial 
frequency content of the target and the relative contribution of different regions of the 
pupil to the accommodation response. 
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The results of the experiments described in this chapter suggest that pre-existing 
spherical aberration of the eye will probably influence the accommodation response 
when the level of spherical aberration is relatively high. For example, -0.5 D of 
spherical aberration will induce an increased accommodation response of about 0.1 D 
(ie. more lead or less lag than if no spherical aberration were present). However the 
results from Chapter 3 suggest that for most eyes these levels of spherical aberration 
will only occur if the pupil size is large. On the other hand, relatively low levels of 
spherical aberration will influence the readings of the Autoref R-1 as a result of the 
peripheral measurement zone used by the instrument. Such errors could be predicted 
based on population averages or the aberrations of the eye could be directly measured 
and used in correction factors for Autoref R-1 results. 
The capacity of the microfluctuations of steady-state accommodation to change as a 
result of stimulus conditions is a matter of conjecture. The studies of Winn et al. 
(1990), Owens et al. (1991) and Collins et al. (1995b) linking the HFC with arterial 
pulse suggests that the HFC should not actively change characteristics dependent upon 
the stimulus conditions. If LFCs contribute to steady-state accommodation control, 
they might be predicted to increase in amplitude in degraded stimulus conditions and 
when the depth of focus of the eye is increased and there is evidence to support this 
hypothesis from various studies (Campbell et al. 1958; Charman and Heron 1988; 
Gray et al. 1993b; Owens et al. 1994; Gray and Winn 1994). 
Spherical aberration influences the depth of focus of the eye and was systematically 
varied (induced spherical aberration of+ 1.1 D and +2.2 D at the edge of a 5 mm 
pupil) in an experiment as a method of investigating its influence on accommodation 
microfluctuations. At the same time the subjects' pulse rates were measured and the 
subjects breathed at a fixed respiration rate to accurately identify the contributions of 
these elements of the cardiovascular system to the accommodation microfluctuations. 
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The results for the two subjects showed the expected correlation between the HFC of 
the steady state microfluctuations and the subjects' pulse rates, consistent with the 
previous findings of Winn et al. (1990), Owens et al. (1991) and Collins et al. 
(1995b ). Similarly there was a clear association between a LFC peak of the power 
spectra corresponding to respiration frequency and a rhythm of the steady state 
microfluctuations as previously reported by Collins et al. (1995b). However there was 
no significant change in the microfluctuation power spectra associated with changes in 
spherical aberration. Two possible explanations were put forward to account for these 
negative findings. It was possible that both subjects showed atypical responses to the 
enlarged depth of focus induced through changes in spherical aberration. However it 
seems more likely that the microfluctuations of accommodation are not under active 
control and represent rhythmic noise in the accommodation system. 
Summary 
The experiments described in this thesis have demonstrated a variety of complex 
interactions between steady-state accommodation and monochromatic aberrations. As 
the level of accommodation increases there are substantial changes in the 
monochromatic aberrations of the eye which vary considerably between individuals. 
The results from optometers such as the Autoref R-1 may be altered by these changes 
in ocular monochromatic aberrations associated with accommodation. 
Spherical aberration was shown to influence the magnitude of the steady-state 
accommodation response, with negative spherical aberration increasing the 
accommodation response and positive spherical aberration decreasing the 
accommodation response. However the microfluctuations of steady-state 
accommodation did not appear to be influenced by the presence of spherical 
aberration. 
5.7 
Appendix I 
APPENDIX 1 
PUBLICATIONS RELATED TO CHAPTER 2 
''METHODS'' 
Atchison DA, Collins MJ, Wildsoet CF, Christensen J, Waterworth MD. Measurement 
of monochromatic ocular aberrations of human eyes as a function of accommodation by 
the Howland aberroscope technique. Vision Research 1995; 35: 313-323. 
Collins MJ, Wildsoet CF, Atchison DA. Monochromatic aberrations and myopia. 
Vision Research 1995a; 35: 1157-1163. 
Davis B, Collins MJ, Atchison DA. Calibration of the CanonAutoref R-1 for 
continuous measurement of accommodation. Ophthalmic and Physiological Optics 
1993; 13: 191-198. 
Collins MJ, Davis B, Wood J. Microfluctuations of steady-state accommodation and the 
cardiopulmonary system. Vision Research 1995b; 35: 2491-2502. 
Collins MJ, Goode A, Davis Band Tait A. A computer-interfaced vertometer system for 
contact lenses. Optometry and Vision Science 1996 (submitted). 
Al.I 
Pergamon 
0042-6989(94)00139-1 
Vision Res. Vol. 35, No. 3, pp. 3 I 3·-323. 1995 
Copyright{; 1995 Elsevier Science ltd 
Printed in Great Britain. All rights reserved 
0042-6989/95 $7.00 + 0.00 
Measurement of Monochromatic Ocular 
Aberrations of Human Eyes as a Function 
of Accommodation by the Howland 
Aberroscope Technique 
DAVID A. ATCHISON,* MICHAEL J. COLLINS,* CHRISTINE F. WILDSOET,* JAMES CHRISTENSEN,* 
MICHAEL D. WATERWORTHt 
Received 24 November 1993; in revised form 14 April 1994 
Further development of the objective version of the Howland and Howland [(1976) Scie11ce, 193, 
580-582; (1977) Joumal of the Optical Society of America, 67, 1508-15181 aberroscope technique 
for measuring ocular aberrations is described. Compensation for refractive corrections and calibration 
is discussed. The technique was used to investigate the effect of accommodation upon the mono-
chromatic aberrations of the right eyes of 15 subjects. Coma and coma-like aberrations were the 
dominant aberrations for most people at different accommodati_on levels, thus confirming previous 
findings. Variations in aberrations were considerable between subjects. About half the subjects showed 
the classical trend towards negative spherical aberration with accommodation. Changes in spherical 
aberration with accommodation in this study were less than that found in previous studies where all 
monochromatic aberration was considered to be spherical aberration. 
Aberration Abcrroscope Accommodation Coma Spherical aberration 
INTRODUCTION 
It has been generally considered that for foveal vision in 
monochromatic light, the quality of the eye optics is 
limited only by diffraction effects for pupi(diameters up 
to 2 mm (Campbell & Green, 1965) and thereafter is 
predominantly affected by spherical aberration (e.g. 
Charman, Jennings & Whitefoot, 1978). Most eyes have 
been considered to suffer from positive (undercorrected) 
spherical aberration when unaccommodated, with a 
trend to negative spherical aberration being observed 
with accommodation. For positive spherical aberration, 
rays passing through the periphery of the pupil intercept 
the optical axis in front of rays passing nearer the centre 
of the pupil (Fig. I). 
Koomen, Tousey and Scolnik (1949) used a method 
which determined longitudinal spherical aberration 
"averaged" over all meridians of the pupil by the use of 
annular apertures. The three subjects showed positive 
spherical aberration for a zero stimulus to accommo-
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dation, which reduced with accommodation and in one 
case became negative. Changes in longitudinal spherical 
aberration, relative to that for a zero stimulus, for the 
subjects at 5 mm pupil size were - 1.6 D (for 4.6 D 
stimulus), -0.5 D (4.6 D stimulus) and -0. 7 D (2.7 D 
stimulus). 
Ivanoff (1956) used a vernier acuity method to 
measure longitudinal "spherical aberration" along the 
horizontal meridian. On changing accommodation 
stimulus from 0 to 3 D, a trend from positive aberration 
to negative aberration on both sides of the pupil was 
obvious in four eyes, a similar trend but limited to one 
side of the pupil only was observed for three eyes, and 
three eyes showed no dependence of the aberration upon 
accommodation. Ivanoff did not measure beyond a pupil 
diameter of 4 mm. The average change in longitudinal 
spherical aberration for a 3.0 mm pupil size was from 
0.25 D for a 0 D accommodation stimulus to 0.0 D for 
a 3 D accommodation stimulus. 
Jenkins (1963) used a similar technique to Ivanoff, but 
measured along both horizontal and vertical meridians. 
The results differed qualitatively and quantitatively 
between subjects and also between meridians. From a 
0 D stimulus to a 2.5 D stimulus, the eyes generally 
decreased in positive aberration and usually changed to 
negative values. For all meridians and all subjects, the 
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mean changes in longitudinal spherical aberration for a 
change in accommodation stimulus from 0 to 2.5 D were 
-0.71 D (2.0 mm pupil diameter), -1.04 D (4.0 mm), 
- 1.08 D (6.0 mm), and - 1.02 D (8.0 mm). 
Berny (1969) used a knife-edge test method to assess 
spherical aberration, and also found a trend of decreas-
ing positive spherical aberration with increasing accom-
modation stimulus in three subjects. 
Spherical aberration as a contributor to mono-
chromatic aberrations is generally smaller than values 
obtained on the premise that all monochromatic aber-
ration is spherical aberration (Howland & Howland, 
1977; Charman & Walsh, 1985; Campbell, Harrison & 
Simonet, 1990). From the early studies of Ivanoff (1956) 
and Jenkins ( 1963), it is obvious that few eyes show 
symmetry of aberrations about the chosen reference 
position in the pupil. More recent research indicates that 
coma-like aberrations are the predominant aberrations 
for foveal vision with few eyes showing typical spherical 
aberration (Howland & Howland, 1976, 1977; Walsh, 
Charman & Howland, 1984; Walsh & Charman, 1985; 
Santamaria, Artal & Bescos, 1987). For rotationally 
symmetrical systems coma only occurs for off-axis object 
points. Campbell et al. (1990) were able to identify 
subjects for whom coma occurred because of decen-
tration of the pupil as well as other subjects for whom 
coma occurred because of asymmetry of refracting 
surfaces. 
There is evidence that significant changes in mono-
chromatic aberrations other than spherical aberration 
also occur with change in accommodation. For example, 
Howland and Buettner (1989) have recently reanalysed 
the data of Van Den Brink (1962), who had made 
subjective measurements of focus with a telescopic 
apparatus through various parts of the pupil for one 
subject, and found that a large reduction in coma-like 
aberration occurred from 0 to I D accommodation. 
More recently, Lu, Munger and Campb~ll (1993) used 
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FIGURE I. Positive and negative spherical aberration of optical 
systems. 
Campbell et al.'s (1990) refinement of Ivanoff's vernier 
acuity technique to measure aberrations as a function of 
accommodation stimulus between 0 and 4 D. They fitted 
aberration terms up to the sixth power in horizontal 
pupil position. Most aberrations changed considerably 
as a function of accommodation. Two of four eyes 
showed the classical trend of decreasing spherical aber-
ration (the fourth-order term) with increasing accommo-
dation. The higher order terms (fifth and sixth) were 
generally opposite in sign to their primary terms (third-
and fourth-order, respectively). 
Most methods previously used to measure the mono-
chromatic aberrations of the human eye are limited by 
one or more of the following:· 
(i) reliance on subjective responses; 
(ii) the need for time consuming measurement, as 
in measurement at many pupil positions in 
vernier alignment techniques (Ivanoff, 1956; 
Jenkins, 1963; Campbell et al., 1990), which 
have limited measurement to only one or two 
meridians; 
(iii) averaging measurements over all meridians 
(Koomen et al., 1949); and 
(iv) the . .need for time consuming analysis, as for 
the Foucault knife-edge method (Berny, 1969; 
Berny & Slansky, 1970); this problem has 
declined in importance with improvements in 
electronic photography and computing. 
An aberroscope technique, developed by Howland 
and Howland (1976, 1977) and subsequently modified by 
Walsh et al. (1984) and Walsh and Charman (1985), 
overcomes these problems. The method employs a dis-
tant light source and an aberroscope placed close to the 
eye. The aberroscope consists of a nearly square grid 
mounted between the plane surfaces of + 5 and - 5 D 
piano-cylindrical lenses, with the cylindrical axes 
mutually perpendicular and at 45 deg to the vertical 
(Fig. 2). The grid is distorted slightly so that it projects 
squares onto the entrance pupil of the eye. A shadow of 
the grid is formed on a subject's retina in the interval of 
Sturm, where aberrations are revealed by distortions 
away from a square pattern. The initial version of this 
technique was subjective. Howland and Howland 
analysed sketches of grid shadows drawn by their sub-
jects to obtain wave-aberration polynomials and optical 
transfer functions. Walsh et al. (1984) and Walsh and 
Charman (1985) made the technique objective by insert-
ing a beam splitter between the aberroscope and the eye 
so that the retinal grid shadow could be photographed. 
This was done with a simple camera. 
We report further refinements to the latter objective 
version of the aberroscope technique. These are the use 
of a fundus camera for photography, a stimulus system 
for accommodation, and a method for correction for 
grid projection at the entrance pupil of the eye. We used 
the technique to measure the effect of accommodation 
upon monochromatic aberrations. A summary of 
aspects of this work has been previously published 
(Atchison, Collins & Wildsoet, 1992). 
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FIGURE 2. Components of aberroscope a~d technique for measuring aberrations in right eye while inducing accommodation 
via the left eye. 
METHODS 
Experimental set-up 
The apparatus is shown in Fig. 2. The light source 
is a 0.9 mW He-Ne laser (i. = 633 nm). A - 8 D lens 
is placed immediately in front of the laser to diverge 
the laser beam. The laser is I. 7 m from any auxiliary 
lens, which in turn is approx. 7 mm in front of the grid 
of the aberroscope. The aberroscope consists of a 
- 5 D x 135 deg piano-cylinder, a grid with transparent 
lines and an opaque background, and a + 5 D x 45 deg 
piano-cylinder. The grid has 0.936 mm spacings (line-
centre to line-centre), 0.108 mm line width and the lines 
are off-set from the vertical or horizontal by 8.1 deg. A 
70% reflecting/30% transmitting beam splitter reflects 
light into the eye. The aberroscope is mounted onto a 
plate, itself mounted and easily removed from the front 
of a Zeiss FK 50 fundus camera. The subject is pos-
itioned in the headrest of the fund us camera. Alignment 
and focussing of the grid shadow is managed by an 
observer viewing through the camera eye-pieces. The 
optical path distance between the grid and the cornea is 
set at approx. 27 mm (corresponding to 30 mm between 
the grid and the entrance pupil). 
To photograph the grid shadow, a subject's eye is first 
dilated with a mydriatic drug. An appropriate spherical 
trial lens is used as an auxiliary lens to correct refractive 
error. The refractive endpoint is recognized by having 
the subject reporting that the centre of the grid appears 
square, and can be verified by the observer through the 
fundus camera. The flash mechanism of the fundus 
camera is disabled and photographs of the gr.id shadow 
are taken by a standard camera through one of the 
fundus camera ports using Kodak TMX P3200 film and 
exposure times of 1-2 sec. The irradiance at the corneal 
plane is 0.21 wm- 2 , for which the radiant exposures as 
long as 10 and 1000 sec would be approx. one-fiftieth 
and one-tenth of maximum permitted exposures, 
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respectively (International Electrotechnical Commis-
sion, 1984). 
A Badal system stimulus in front of the non-tested eye 
is used to present accommodative stimuli (Fig. 2). After 
pupil dilation is achieved and immediately before 
aberrations are determined, the Badal system and 
aberroscope are mounted in front of the subject sealed 
at an automated refractor (Canon AutoRef R-1). The 
subject is instructed to focus on the letter, in a group of 
high contrast letters (lhe Badal target), which is seen 
overlying the centre of the aberroscope grid. The accom-
modative stimuli (i.e. target settings) corresponding to 
responses of 0, 1.5 and 3.0 D are determined. We make 
the assumption that the eye will reproduce these re-
sponses when the same settings of the Badal system are 
used in conjunction with the aberroscope and fundus 
camera. 
Analysis of photographs 
The photographic negatives are projected onto a 
digitizing board and the grid intersection points are 
transfered directly to a computer (the projection system 
produces negligible distortion errors). The technique 
also requires an estimate of the point on the pattern 
corresponding to the pupil centre. We mark the best 
estimate of each grid intersection point on the digitizing 
board, and then place the digitizing scanner at the mark. 
For each aberroscope photograph 2-4 sets of readings 
are usually taken. We analyse the largest possible grid 
pattern (i.e. the maximum number of intersections). This 
is limited by pupil size, the quality of the media of the 
eye, and the level of aberrations. 
Relations between distortions of the aberroscope grid 
shadows and wave aberrations have been previously 
reported (Howland & Howland, 1976, 1977). Using grid 
intersection point data, the wavelength of the light 
source and the projected grid spacing onto the entrance 
pupil, wave aberration co-efficients, . Zernike co-
efficients, longitudinal spherical aberration, variance of 
the wave aberration, and Marechal criterion limits are 
determined using mathema.tical procedures developed by 
Howland and Howland. 
The wavefront aberration rv (x, y) can be described as 
W (x, y) = A + Bx + Cy + Dx 2 + Exy + Fy 1 
+ Gx 3 + Hx 2y + Ixy 2 + Jy 3 + K•4 
+ Lx3y + Mx 2y 2 + Nxy 3 + Oy 4 (I) 
where (x,y) are co-ordinates in the pupil (mm) with 
origin at the pupil centre, and Wis measured in microns. 
Positive x is towards the subject's right and positive y is 
upwards. The terms with co-efficients A-F represent 
shift of the wavefront along the axis (A ), residual prism 
(B, C) and sphero-cylindrical components (D, E, F) of 
the prescription, i.e. they can be corrected with conven-
tional ophthalmic lenses. The terms with co-efficients 
G-J are "third-order" aberrations and the terms with 
co-efficients K-N are "fourth-order" aberrations. If 
primary spherical aberration alone was present, it would 
be represented by the terms Kx4, Mx 2y 2 and Oy' terms 
with the ratios of K:M:O of 1:2:1. 
Orthogonal Zernike co-efficients are calculated from 
the K-0 co-efficients. From the Zernike co-efficients, the 
variance of the wave aberration (and the third- and 
fourth-order components of this variance) are calculated 
according to the method described by Howland and 
Howland (1977) in their Appendix B. The Zernike 
co-efficient 2 11 corresponds to spherical aberration and 
is determined by the equation 
2 11 = (3K + 30 + M )/48. (2) 
This co-efficient can be used to determine longitudinal 
spherical aberration (LSA) at the edge of the pupil of 
semi-diameter r, from (Howland & Howland, 1977) 
LSA = 24Z11 r 2 • (3) 
Estimations of longitudinal spherical aberration can 
be made by at least two alternative techniques. In one of 
these techniques, the mean wavefront error around the 
edge of the pupil, wave> is determined and converted to 
longitudinal spherical aberration by the approximation 
(Charman et al., 1978) 
(4) 
The second technique shares similarities with Koomen 
et a/.'s (l 949) experimental annulus method. The wave-
front error at different positions around the edge of the 
pupil is converted into radii of curvature which vary with 
meridian at each position (Charman & Walsh, 1989). 
The inverse of the mean of the local circumferential radii 
around the pupil is an estimate of longitudinal spherical 
aberration. 
Similar results are obtained by all three methods of 
estimating the longitudinal spherical aberration from the 
wave aberration data. 
The variance of the wave aberration is minimised by 
choosing the most appropriate sphero-cylinder as the 
reference wavefront. It is mathematically defined as 
where Wm is the mean wave aberration, and the inte-
gration takes place over the whole pupil. Alternate terms 
for "variance of the wave aberration" (Welford, 1986) 
are "mean-squared wave-front deviation" (Howland & 
Howland, 1977) and the "mean square optical path 
difference of the wavefront" (Smith, 1990). 
Marechal criterion limits are pupil sizes for which the 
square root of the variance is one-fourteenth the source 
wavelength (Born & Wolf, 1975). 
In the aberroscope setups used in previous studies 
(Howland & Howland, 1976, 1977; Walsh et· al., 1984: 
Walsh & Charman, 1985), the top of the grid was seen 
on the right side by the subject (and vice versa for the 
bottom of the grid). However, due to reflection at the 
beamsplitter in our system, the top of the grid is now 
seen on the left. To compensate for this, each negative 
is initially projected as the subject sees the grid, and then 
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is turned around (equivalent to reflection about the 
vertical axis). 
Howland and Howland (1977) reversed right eye 
co-efficients of odd power terms in x (B, E, G, /, L, N) 
in combining right and left eyes for statistical purposes 
(as nasal sides of eyes should be compared with each 
other). We used only right eyes and did not reverse these 
co-efficients. 
Projection of the grid at the entrance pupil of the eye 
The grid must be "predistorted" to project as a square 
at the entrance pupil. Predistortion and grid spacing to 
achieve a particular spacing at the entrance pupil are 
determined below. Gaussian optics are used here; these 
are appropriate because of the small angles involved. 
The point object is taken to be a distance I/L away from 
the auxiliary lens, the auxiliary lens has power R, the 
distance from auxiliary lens to grid is b, crossed-cylinder 
powers are +XP x 45 deg and -XP x 135 deg, and the 
distance from grid to entrance pupil is d. We assume all 
lenses are thin. The object vergence of light at the 
auxiliary lens is L. The image vergence of light at the 
auxiliary lens is (L + R ). Object vergence of light at 
the grid is (L + R )/[I - b (L + R )], and is denoted by F. 
Image vergence of light at the grid is (F + XP) x 45 deg 
and (F - XP) x 135 deg. 
Now suppose a point in the grid is a height h 135 from 
the optical axis along the 135 deg meridian (Fig. 3). The 
angle u (negative in the figure) subtended by the optical 
axis and the ray which passes from the image of the point 
object, in the auxiliary lens, is 
u=h135 ·F. 
ENTRANCE PUPIL 
EP 
FIGURE 4. Grid and its square projection onto entrance pupil. 
Similarly a point in the grid at height /z45 from the 
optical axis along the 45 deg meridian would have a 
corresponding height h ~5 at the entrance pupil of 
h~5 =hdl (-XP+F)d]. (7) 
To ensure that the grid is projected with square sides 
onto the entrance pupil (i.e. h ~5 = h ;35 ), h45 and /z 135 can 
be determined using equations (6) and (7) from a given 
h ~5 (or h i35 ) (Fig. 4). The tangent of the angle <Din Fig. 4 
is then given by 
tan(<!>)= h45 /jz 135 =[I -(XP + F)d][I - (-XP + F)d]. 
Now <D = 45 deg 0 and, using the expression 
tan( a - b) =[tan( a) tan(b )]/[! + tan(a) · tan(b )] 
with 45 deg and 0 substituted for angles a and b, 
respectively, we can solve for tan(0) to obtain 
tan(0) = [XP·d/(l Fd)]. 
The "predistortion" of the grid lines from the horizontal 
The ray after refraction at the grid has an angle u' where and vertical is thus 
u'=h 135 ·XP+u 
= h135 (XP + F). 
The height of the ray h' at the entrance pupil of the eye is 
= h135 [1 - (XP + F)d]. (6) 
---U' 
...,_----~=-==t d 
FIGURE 3. Raytracing along 135 deg principal meridian of aber-
roscope. See text for details. 
0 = tan- 1[XP·d/(l - Fd)]. (8) 
ff the points in the grid represented by h45 and lz135 are 
adjacent intersection points, it can be shown that their 
separation GS is 
GS - h ' J I l (9) 
- [I - (XP + F)d]' +[I - (-XP + F)d]2 
where h'=h~5 =hi35 • Ash' EP/J2 where EP is the 
spacing in the entrance pupil plane, the grid spacing is 
also given by 
GS- EP J l I 
- J2 [I - (XP + F)d]2 +[I - ( -XP + F)df. 
(IO) 
Values of 0 and the ratio GS/EP are given for a range 
of F for XP = 5 D and d = 0.030 min Table 1. The ratio 
GS/EP was experimentally verified. In practice, it is 
more likely that a single grid will be used for a range of 
refractive errors. This will mean that there will be small 
errors associated with 0, but equation (I 0) can be 
rearranged to calculate EP. We used F = -2 D to 
derive the 8.1 deg angle of pre-distortion used in our 
measurements. 
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TABLE I. Relationship between F, e and TABLE 4. Variability of results for subject CC at 1.5 D 
GS/EP (see text for derivation) accommodation 
F(D) e (deg) GS/EP 
-8 6.9 0.82 
-6 7.2 0.87 
-4 7.6 0.92 
-2 8.1 0.97 
0 8.5 1.03 
+2 9.1 I.I I 
+4 9.7 1.19 
+6 10.4 1.28 
+s I 1.2 1.40 
Failure to allow for differences between the grid 
spacing GS and its projection at the entrance pupil EP 
will produce errors in the calculation of aberration 
co-efficients. If you incorrectly use a spacing at the 
entrance pupil of GS when it is really EP and determine 
transverse aberration T, then you would predict a spac-
ing EP to give transverse aberration of (EP/GS)2T if 
considering third-order aberrations and (EP/GS)3 T if 
considering fourth-order aberrations (note that trans-
verse aberrations are one less order of dependence upon 
pupil size than are wave aberrations). If you were 
correctly using EP, you would actually determine trans-
verse aberration (EP/GS)T. As the wave aberration 
co-efficients are determined from the transverse aber-
rations, the failure to account for correct projection gives 
error factors of (EP/GS) and (EP/GS)2 for third- and 
fourth-order co-efficients, respectively. For F = -8 D 
these errors will be +22% and +50%. For F = +8 D 
the errors will be -29% and 50%. 
Selection of entrance pupil centre 
There is no unanimous agreement as to what consti-
tutes the "effective" pupil centre for calculating aber-
rations. The most obvious choice is the geometrical 
centre, but if the centration of the Stiles-Crawford effect 
(Stiles & Crawford, 1933) and the shape of the aberrated 
image on the retina are taken into account, the geometri-
Longitudinal 
Variance of wave spherical 
aberration Marechal aberration 
(5mm pupil) limit (5 mm pupil) 
(p') (mm) (D) 
Run I 0.0425 3.1 -0.46 
Run 2 0.0429 3.1 -0.43 
Run 3 0.0302 3.3 -0.29 
cal centre of the pupil may not be the "effective" pupil 
centre. Campbell et al. (1990) .defined the latter as the 
pupil location for which a vernier target illuminated 
in Maxwellian view appears aligned with the target 
illuminated in normal view. For considering chromatic 
aberration, the pupil position on the "achromatic" axis 
is a useful reference where the achromatic axis is defined 
as the line containing the target, nodal point and the 
fovea. Thibos, Bradley, Still, Zhang and Howarth (1990) 
referred to it as the "visual" axis. Here the pupil centre 
position on the achromatic axis is that position for which 
there is no chromatic parallax of a split vernier object of 
two different wavelengths (Ivanoff, 1956; Campbell 
et al., 1990; }'hibos et al., 1990). Using natural pupils, 
Simonet and Campbell (1990) found differences between 
the geometric and achromatic pupil centres of -0.08 to 
+0.51 mm for eight eyes of five subjects, while Thibos 
et al. (1990) obtained differences of <0.4 mm for the 
right eyes of each of five subjects. 
The geometrical centre may move under different 
illumination conditions or under the influence of drugs 
affecting pupil size. The "effective" pupil centre will 
likewise be affected, partly because of the effect of 
illumination on the Stiles-Crawford effect. Walsh (1988) 
found that the changes in pupil centration occurring as 
the pupil dilates, both naturally in darkness and in 
response to a mydriatic drug, can be up to 0.4 mm. 
Wilson, Campbell and Simonet (1991) also found 
TABLE 2. Aberrations related to fundus camera 
Position on grid Grid 
Variance of wave 
aberration (5 mm pupil) 
(x IO-' p 2) 
Marechal limit 
(mm) 
photograph (mm) dimension + 1.5 D focus +4 D focus + 1.5 D focus +4 D focus 
Centre 7x7 6 13.0 12.5 
5 x 5 34 49 9.8 8.7 
Halfway-top 7x7 15 4 I 1.3 12.5 
5 x s 26 16 IO.I 10.3 
Top 7 x 7 13 IO 11.7 12.I 
SxS II 95 I 1.5 8.3 
TABLE 3. Aberrations related to fundus camera and model eye 
Variance of wave Third-order Fourth-order Marechal 
Grid aberration (5 mm pupil) component component limit 
dimension (x w-' 11') ( x IO-' µ 2) IO·'µ') (mm) 
7x7 88 ±I I 63 ±5 25 ±II 8.0 ± 0.4 
5 x s 1548 ± 126 544 ± 129 1004 ± 126 5.2 ±0.1 
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significant shifts of geometrical pupil centre with changes 
in diameter; these were usually temporal with increase in 
pupil size. For three-quarters of their subjects, shifts 
increased monotonicly with pupil size. Accommodation 
may affect all three pupil centres. 
The only pupil centre of the three described above that 
can be used in our aberroscope technique is the geo-
metrical pupil centre. We estimate the number of grid 
shadow elements both vertically and horizontally 
and then estimate the position corresponding to the 
"median" of these. For example, if there are estimated 
to be 5.6 grid shadow elements vertically and 6.4 grid 
shadow elements horizontally, the grid shadow "centre" 
is taken as being 2.8 and 3.2 elements from the horizon-
tal and vertical edges of the grid shadow, respectively. 
The ability to find this centre on the shadow grid 
depends upon the quality and density of the photograph 
and the skill of an observer. We believe that our ability 
to do this is within ±0.2 elements (i.e. about ±0.2 mm). 
Because of aberration distortions of the grid, this centre 
is not necessarily at the geometric centre of the grid 
shadow image. 
Because our photographic technique requires high 
illumination, which would normally produce miosis and 
thus allow analysis of only small pupils, we use drugs to 
dilate the pupil. This means that the grid shadow 
"centre" may not be appropriate for natural pupils, 
although we do not believe this has a major effect on our 
results (see Errors associated with localization of pupil 
centre). 
Calibration and error analysis 
Aberrations of the fundus camera. To assess the in-
herent aberrations of the fundus camera optics, photo-
graphs of graph paper were taken using the fundus 
camera without the aberroscope in place. This was done 
for two positions of the grid, corresponding to two focus 
settings of the fundus camera, + 1.5 and ·+4.0 D. We 
analysed the pattern at three regions along the vertical 
axis of symmetry: (i) the centre of the photograph; 
(ii) halfway between the centre and the top; and (iii) near 
the top. The pupil centre was assumed to be the inter-
section point at the centre of the region of interest. Both 
5 x 5 and 7 x 7 grids were used. The "pupil" spacing of 
the grid was determined as the ratio of sizes of grid 
shadow elements in the centre of photograph to that 
obtained with a model eye. 
Two sets of grid intersection measurements were made 
for each focus setting and averaged. The measurements 
were used to determine Taylor and Zernike co-efficients, 
the variance of the wave aberration for a 5 mm pupil, 
and the Marechal criterion limits. 
Variances of the wave aberration and Marechal cri-
terion limits associated with the fund us camera are given 
in Table 2. The fundus camera has only a small amount 
of distortion. The analysis shows no change in aber-
rations away from the centre of the photograph, with 
Marechal limits of 11.3-13.0 and 8.3-11.5 mm for 7 x 7 
and 5 x 5 grids, respectively. The 7 x 7 grids show better 
performance, possibly because there are more points 
over which measurement inaccuracies are distributed. 
Importantly, the Marechal limits are well beyond those 
obtained for real eyes, indicating that the level of 
aberrations produced by the fundus camera and 
measurement technique contribute negligibly to the 
aberrations measured for real eyes. There are only small 
differences in.;iberration levels between the two focussing 
conditions ( + 1.5 and +4.0 D) of the fundus camera. 
Model eye. I°i-i this control experiment a + 5 D lens and 
"retinal" screen were used as a model eye. The distance 
between the + 5 D lens and the screen was set so that 
auxiliary lenses were not needed. The shape of the lens 
was piano-convex with the piano surface facing the 
"retina" and the stop against the piano surface such that 
the distance between the aberroscope and the en trance 
pupil was 30 mm. Six sets of measurements were made 
and results were analysed for both 7 x 7 and 5 x 5 grids. 
We determined the variance of the wave aberration for 
5 mm pupils, the third- and fourth-order components 
of this, and the Marechal criterion limit. (These data 
presented in Table 3 are averaged across the six measure-
ment sets.) The variance of the wave aberration for the 
model eye is generally at least an order of magnitude 
higher than that obtained for the fundus camera alone. 
Again, the 7 x 7 grids show better performance. The 
+5 D lens should have very little aberration with a 
TABLE 5. Change in results for two subjects with change in position chosen as pupil centre 
Pupil centre Variance of wave 3rd order 4th order Marechal 
shift (mm) aberration. 5 mm pupil component component limit 
(t.x.t.y) (11') {It') (µ') (mm) 
Subject AG 
(0,0) 0.0044 0.0038 0.0006 4.5 
(+0.2.0) 0.0039 0.0033 0.0006 4.6 
(-0.2.0) 0.0050 0.0044 0.0006 4.4 
(0,+0.2) 0.0043 0.0038 0.0006 4.5 
(0,-0.2) 0.0047 0.0041 0.0006 4.4 
Subject ML 
(0,0) 0.0608 0.0574 0.0034 2.9 
(+0.2,0) 0.0535 0.0502 0.0034 3.0 
(-0.2,0) 0.0692 0.0658 0.0034 2.8 
(0.+0.2) 0.0564 0.0530 0.0034 2.9 
(0,-0.2) 0.0662 0.0629 0.0034 2.9 
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FIGURE 5. Variance of the wave aberration as a function of 
accommodation for all 15 subjects. Values arc for 5 mm entrance 
pupils. Error bars correspond to ±I SD. For clarity, plots have been 
shifted horizontally relative to each other. 
theoretical Man~chal limit of 22 mm. The measured 
limits are 5.2 mm (5 x 5) and 8.1 mm (7 x 7), which are 
much lower than expected, but beyond those obtained 
for real eyes (Walsh et al., 1984; see subsequent results). 
Possible reasons for the poorer than expected limits 
·include the small error in projection angle of the grid to 
the reference pupil. interference (diffraction) effects with 
the laser beam which make determination of intersection 
points difficult, and small errors in alignment of the two 
crossed cylinders. 
Repeated measurements. To investigate our technique 
repeatability, the pupil of the right eye of subject CC was 
dilated with I drop of 2.5% phenylephrine. The subject 
was positioned in the apparatus and photographs taken 
at accommodation response levels of 0, 1.5 and 3 D, 
after which the subject was removed from the apparatus. 
This procedure was repeated for another two runs. For 
each photograph, three sets of measurements of 5 x 5 
grids were taken. These were used to determine the 
pupil size corresponding to the Man~chal criterion and 
variances of the wavefront and longitudinal spherical 
aberrations for a 5 mm pupil. Mean values were derived 
from the three sets. 
Results for the 1.5 D accommodation response level 
are shown in Table 4. The differences between runs in 
variances of the wave aberration, the Marechal criterion 
limits and longitudinal spherical aberration are relatively 
small. 
FIGURE 6. Abcrroscope shadow grids of subject CC at accommodation response levels of (a) 0 D. (b) 1.5 D. (c) 3.0 D. In 
(d), a computer reconstruction of the grid in (c) is shown using only Taylor co-cfii.cicnts A-F and K. 1\f, and 0. The effect 
of removing the A-F co-efficients. corresponding to prism and residual defocus. is to slightly exaggerate the distortions. 
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FIGURE 7. Longitudinal spherical aberration as a function of accommodation for 5 mm entrance pupils. (a) Results for each 
of eight subjects showing the "classical" trend of increasing negative spherical aberration as accommodation increases. (b) 
Results for each of seven subjects not showing the "classical" trend of increasing negative spherical aberration as 
accommodation increases. (c) Mean results for all 15 young subjects. Error bars correspond to ± l SD. 
Errors associated with localization of pupif centre. We 
have estimated our ability to determine the point on the 
grid corresponding to the geometric pupil centre as 
about ±0.2 mm. We assessed the effects of errors in 
localizing the geometric pupil centre on estimates of 
aberrations by moving the reference centre on the photo-
graphs of subjects in both x and )' directions by this 
amount. Resulting third-order, fourth-order and total 
variances of the wave aberration and the Marechal limits 
are presented for two subjects in Table 5. Subject AG 
has low aberration and subject ML has moderate aber-
ration. It can be seen that these shifts do not affect the 
fourth-order aberration components and the changes for 
third-order components and the Man~chal limits are 
small. 
Study of ejject of accommodatio11 11po11 aberratio11 
Fifteen subjects, free of ocular and systemic disease 
and aged between 17 and 30 yr participated in the 
experiment. Right eyes only were tested. The subjects' 
refractive errors were between + 1.00 and -2.00 D, with 
11 of the eyes being in the range +0.50 to -0.50 D. One 
drop of phenylephrinc (2.5%) was used to dilate the 
pupil of the right eye. Photographs were taken with the 
apparatus at accommodation response levels of 0, 1.5 
and 3 D. 
For each photograph, the Taylor co-efficients, Zernike 
co-efficients, and variance of the wave aberration with its 
third- and fourth-order components were determined for 
a 5 mm pupil. This size was used because we could only 
obtain 5 x 5 or 6 x 6 grids, which for our grid spacing 
size (0.935 mm) means that aberration fits are not valid 
for larger pupils. 
RESULTS AND DISCUSSION 
Figure 5 shows the variance of the wave aberration 
and the third- and fourth-order components of this 
variance, averaged across all subjects. as a function of 
accommodation. The most striking feature of the results 
is that the third-order (i.e. coma-like) aberrations dom-
inate at all accommodation levels, with the ratio of the 
third- and fourth-order components of the variance of 
the wave aberration being approx. 4: 1. The fourth-order 
component increases 4 times as quickly with increase in 
pupil size as does the third-order component. If the 
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results could be extrapolated to 8 mm pupils, the ratio 
of third- and fourth-order components would be 2: 3. 
There is no clear trend of variance of the wave 
aberration with change in accommodation. Two subjects 
have increased variance of the wave aberration as ac-
commodation increases, three have decreased aberration 
as accommodation increases, eight show maximum aber-
ration at the intermediate I .5 D level and two show 
minimum aberration at the intermediate 1 .5 D level. The 
mean levels are similar to those reported by Walsh et al. 
(I 985) for zero accommodation. 
The photographed aberroscope shadow grids of sub-
ject CC as a function of accommodation level are 
presented in Fig. 6. This subject's shadow grids show 
changes which are typical of increasing negative spheri-
cal aberration as a function of accommodation level. 
Longitudinal spherical aberration for a 5 mm diameter 
pupil are +0.04 D (0 D accommodation response), 
-0.46 D (1.5 D) and -0.66 D (3.0 D). For comparison, 
a computer reconstruction of the grid for the 3.0 D 
accommodation level is illustrated, using only the Taylor 
co-efficients A-F corresponding to correctable terms and 
the Taylor co-efficients K, M, 0 from which the Zernike 
co-efficient Z 11 for spherical aberration is determined 
[equation (2)]. The similarity between the reconstruction 
and the subject's shadow grid at 3 D accommodative 
response clearly demonstrates the considerable contri-
bution of spherical aberration to the overall aberration 
for this particular subject at 3 D accommodation. 
Longitudinal spherical aberration of subjects is shown 
in Fig. 7. Eleven out of 15 subjects have positive 
spherical aberration at 0 D accommodation. Eight sub-
jects out of 15 demonstrate the "classical" trend to less 
positive or more negative spherical aberration as accom-
modation increases [Fig. 7(a)]. The largest change m 
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ACCOMMODATION (D) 
F!GURE 8. Changes in longitudinal spherical aberration at 5 mm 
pupil diameter. relative lo those for 0 D accommodation, from differ-
ent studies. These data arc plotted as a function of accommodation 
"response" in the present study and as a function of accommodation 
stimulus for previous studies. Mean results are shown for present 
study. with error bars corresponding to ± [ SD of the changes; 
individual results are shown from Koomcn et al. (1949); mean results 
of 12 eyes of 10 subjects and four semi-meridians are shown from 
Jenkins (1963). 
longitudinal spherical aberration is 0.8 D. Of the other 
seven subjects: three have maximum positive aberration 
at the intermediate 1.5 D level, three have maximum 
negative aberration at the intermediate level, and one 
has negative spherical aberration which goes against the 
classical trend to reduce by 0.32 D [Fig. 7(b)]. 
The mean longitudinal spherical aberration of the 
group [see equation (3)] varies from +O. I 7 D at 0 D 
accommodation to -0.17 D at 3 D accommodation 
(i.e. -0.34 D change) [Fig. 7(c)]. The mean level at 0 D 
accommodation is similar to that obtained in previous 
studies which have used a wave aberration analysis 
(Charman & Walsh, I 985). The dependence of longitudi-
nal spherical aberration on ·accommodation level is 
statistically significant (repeated-measures analysis of 
variance, F = 9.77, d.f. 2, 28, P < 0.001). Post hoc 
testing revealed that two of the three possible compari-
sons are significantly different at the 5% level: the 0 D 
level with the 3 D level, and the 1.5 D level with the 3 D 
level (Fisher protected least squares differences). 
Changes in longitudinal spherical aberration with 
accommodation are compared with the results of two 
earlier studies (Koomen et al., 1949; Jenkins, I 963) in 
Fig. 8. It can be seen that the changes in longitudinal 
spherical aberration with accommodation are generally 
smaller in the present study than in the previous studies. 
This is in line with the earlier observation that spherical 
aberration found in studies where the measured 
aberration is considered to represent only spherical 
aberration is generally larger than when spherical 
aberration is separately analysed. However, this is not 
meant to imply that if the earlier studies had been able 
to better fit their data with more aberration terms their 
spherical aberration magnitudes would decline; as we 
found, reanalysing our data in line with the annulus 
method of Koomen et al. (I 949) did not change our 
estimate of spherical aberration (see section Analysis of 
photographs). 
CONCLUSIONS 
We have further developed the Howland aberroscope 
technique for measuring monochromatic aberrations. 
Refinements include the use of a fundus camera for 
photography, a stimulus system for accommodation 
control, and a method of correcting for grid projection 
onto the pupil of the eye. 
Across a wide range of pupil sizes and accommo-
dation levels, third-order (coma and coma-like) aber-
rations would seem to be the dominant aberrations for 
most people. This confirms the findings of Howland and 
Howland (1976, 1977), Walsh et al. (1984) and Walsh 
and Charman (I 985). Variations in aberrations are 
considerable between people. About half o.ur subjects 
show the classical trend towards negative spherical aber-
ration with increase in accommodation. The changes in 
spherical aberration with accommodation in this study 
were less than that found in previous studies where 
measured aberration was considered to represent only 
spherical aberration. 
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Monochromatic Aberrations and Myopia 
MICHAEL J. COLLINS,* CHRISTINE F. WILDSOET,* DAVID A. ATCHISON* 
Received 14 January 1994; in revised form 12 July 1994 
The monochromatic aberrations present in the eyes of a group of 21 young myopic subjects and 16 
young emmetropic subjects were measured along the visual axis at three levels of accommodation. The 
aberrations were measured using a modified aberroscope technique which makes use of a retinal 
camera to photograph the shadow image of the aberroscope grid on the retina, while accommodation 
levels of 0, 1.5 and 3.0 D were induced consensually. Fourth-order aberrations were significantly 
different between the emmetropic and myopic groups, with the myopes showing lower fourth-order 
terms. A high proportion of the aberroscope grids photographed in the myopic eyes were too highly 
aberrated to permit analysis. 
Monochromatic aberrations Myopia Aberroscope Accommodation Spherical aberration Coma 
INTRODUCTION 
The optical system of the human eye produces a variety 
of monochromatic aberrations which vary in type 
and degree between individuals. These monochromatic 
aberrations are rarely symmetrical and there is fre-
quently a coma-like quality to the aberrations (Van 
den Brink, 1962; Smirnov, 1961; Howland & Howland, 
1976, 1977; Walsh, Charman & Howland, 1984; Walsh 
& Charman, 1985; Campbell, Harrison & Simonet, 
1990). 
A variety of techniques has been utilised to measure 
the monochromatic aberrations of the eye including 
retinoscopy (Jackson, 1888; Pi, 1925; Stine, 1930; 
Jenkins, 1963), reconstruction of aberrations from the 
point spread function of the eye (Santamaria, Artal 
& Bescos, 1987; Artal, Santamaria & Bescos, 1988), the 
Foucault test (Berny & Slansky, 1970; Berny, 1969), 
measurements using vernier targets imaged through 
defined regions of the pupil (Ivanoff, 1956; Smirnov, 
1961; Jenkins, 1963; Campbell et al., 1990) and the 
aberroscope technique where distortions of a grid 
pattern imaged on the retina are analysed to derive the 
aberrations (Howland & Howland, 1976, 1977; Walsh 
et al., 1984; Walsh & Charman, 1985). 
While monochromatic aberrations of the eye are 
largely asymmetrical, longitudinal spherical aberration 
(a symmetrical aberration) may in some eyes be the 
major aberration present. Many of the earlier techniques 
of measuring the eye's monochromatic aberrations pro-
vided results only in terms of spherical aberration, and 
while this is a simplification of the true nature of 
the aberrations present, they still provide some insight 
*Centre for Eye Research, School of Optometry, Queensland 
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into the magnitude of the aberrations present. The 
normal adult emmetropic eye is traditionally considered 
to posses 12ositive longitudinal spherical aberration 
when unaccommodated, so that for a 5 mm pupil, 
rays of light passing through the periphery of the 
pupil come to focus in front of paraxial rays by an 
amount equivalent to 0.5-1.5 D (Ivanoff, 1956; Koomen, 
Tousey & Scolnik, 1949; Jenkins, 1963; Schober, 
Munker & Zolleis, 1968; Charman, Jennings & 
Whitefoot, 1978). 
Aberrations are known to vary with the accommoda-
tive state of the eye. As accommodation increases, 
spherical aberration becomes more negative in dioptric 
power for most subjects (Ivanoff, 1956; Jenkins, 1963; 
Koomen et al., 1949). Using the objective aberroscope 
technique, Atchison, Collins, Wildsoet, Christensen and 
Waterworth (1995) found a similar trend toward nega-
tive spherical aberration with higher accommodation 
for some but not all subjects, as well as changes in 
third-order aberrations. Howland and Buettner's (1989) 
analysis of Van den Brink's (1962) data shows a 
change in third-order aberrations as accommodation 
increases. Lu, Munger and Campbell (1993) have 
reported changes in both third- and fifth-order coma 
and spherical aberration for some subjects, with chang-
ing accommodation. 
The quality of the retinal image appears to be capable 
of influencing the development of refractive errors in 
many animal species including chickens, monkeys and 
tree shrews (Yinon, 1984; Wallman, 1993). In humans, 
myopia has been associated with retinal image degra-
dation caused by ptosis (Hoyt, Stone, Frome~ & Billson, 
1981; O'Leary & Millodot, 1979; Robb, 1977), retino-
pathy of prematurity (Fledelius, 1981; Goss, 1985) and 
various other ocular abnormalities present at birth 
(Rabin, Van Sluyters & Malach, 1981; Nathan, Kiely, 
Crewther & Crewther, 1985). Since monochromatic 
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aberrations will also influence retinal image quality, we 
undertook this study of human myopia to investigate if 
the monochromatic aberrations present in the eyes of 
a group of young myopic subjects were the same as 
those of a group of age-matched emmetropic subjects. 
Monochromatic aberrations were measured along the 
visual axis using an objective aberroscope technique, 
where photographs were taken of an aberroscope grid 
reflected from the subjects' retina. Since near work 
has been linked to myopia development (Angle & 
Wissmann, 1980; Kinney, Luria, Ryan, Schlichting & 
Paulson, 1980; Richler & Bear, 1980), we measured the 
subjects' monochromatic aberrations at three levels of 
accommodation. 
METHODS 
Subjects 
Subjects were selected for the study based on the 
following criteria: 
(I) age range 17-30 yr; 
(2) astigmatism no greater than 0.75 D; 
(3) no regular contact lens wear; 
(4) no significant ocular pathology; 
(5) corrected visual acuity of at least 6/6. 
Of the 55 subjects who we tested, the results from 
16 emmetropic and 21 myopic subjects were analysed. 
The 16 emmetropes had a mean age of 21 yr (SD± 3, 
range l7-19yr) and had a mean refractive error 
of +0.1 D (SD± 0.4). The 21 myopes ranged in age 
from 19 to 29 yr (mean 22 yr, SD± 3) and had a mean 
refractive error of -3.5 D (SD± 1.7, range -1.75 to 
- 7.00 D). 
Aberroscope measurement technique 
To measure monochromatic aberrations we used an 
objective aberroscope technique based upo~ the methods 
developed by Howland and Howland (1976, 1977), 
Walsh et al. (1984) and Walsh and Charman (1985). 
A detailed description of our aberroscope technique is 
presented in Atchison et al. (1995). Measurements 
of monochromatic aberrations were made from the right 
eye of all subjects with the pupil dilated with 2.5% 
phenylephrine. 
Aberroscope grids were imaged on the right eye's 
retina and photographed using a Zeiss FK50 retinal 
camera. Accommodation stimuli were presented consen-
sually to the left eye to induce 0, l .5 and 3 D accommo-
dation response. The subject's dichoptic view was 
therefore of the accommodation target (seen by the left 
eye) overlying the aberroscope grid (seen by the right 
eye). The accommodation target was positioned so that 
a letter was seen overlying the centre of the aberroscope 
grid and the subject was instructed to focus on that 
letter. 
Because it was not possible to simultaneously record 
both aberrations and accommodation, the accommo-
dation responses were measured prior to aberroscope 
photography. Accommodation responses were deter-
mined using a Canon Autoref R-1 autorefractor, with 
the accommodation target (high contrast letters) pre-
sented via a Badal optometer system. Target distances 
for the Badal optometer were determined to induce 0, 1.5 
and 3 D accommodation responses. We estimated the 
error in accommodation response to be about ±0.25 D 
during aberroscope photography. 
Photographs of the aberroscope image on the retina 
were made using 3200 ASA black and white negative 
film (push-processed to 6400 ASA), with an exposure 
time of between l and 2 sec. Three to five aberroscope 
photographs were taken at each accommodation level 
and the photograph with best resolution was chosen for 
analysis. 
Aberroscope grid analysis 
The photographic negative of the aberroscope image 
was projected onto a digitising tablet and the 4 x 4 grid 
co-ordinates down-loaded to an on-line computer. The 
grid co-ordinates were measured two or three times 
for each aberroscope pattern and the mean values 
calculated. We chose to analyse only grids where it was 
possible to discriminate at least 4 x 4 grid spacings in the 
photograph. _ 
In the grid analysis, the determination of the centre of 
the grid pattern is important because it is presumed to 
coincide with the geometric centre of the entrance pupil. 
We determined the centre of the grid pattern by examin-
ing the symmetry of the grid pattern and counting the 
number of grid spacings along the long and short axes 
of the grid pattern. 
Uncorrected spherical refractive errors (or accommo-
dation) cause the aberroscope image to be distorted in 
a predictable manner. This distortion can potentially 
limit the ability to resolve other aberrations and we 
therefore corrected these errors with spherical trial 
lenses at the plane of the aberroscope. This was achieved 
by viewing the aberroscope grid imaged on the retina 
through the retinal camera and trialing lenses until the 
central area of the grid pattern was approximately 
square on the retina. 
One consequence of using "correcting" lenses in the 
aberroscope system is that the grid spacing (0.91 mm 
square) changes as a function of the lens power and this 
influences the magnitude of the derived aberrations. 
There were small differences between refractive error 
groups in the mean size of the 4 x 4 grids at the corneal 
plane and therefore small differences in the effective 
aperture over which the aberrations were measured. 
We corrected for these differences using previously 
described methods (Atchison et al., 1994). A 4 x 4 
grid with no correcting lens in the system, _projected 
to 2.73 mm square (3.85 mm diagonal) at the corneal 
plane. 
Derivation of aberrations 
Monochromatic aberrations were derived by analy-
sis of distortions in the aberroscope grid. These 
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aberrations were expressed as wavefront aberrations, 
where departure from a perfect sphero-cylindrical wave-
front is defined by a wavefront aberration poly-
nomial. The wavefront aberration polynomial can be 
expressed in a power series (Taylor polynomial) of 
the form: 
W(x,y) =A+ Bx +Cy+ Dx 2 + Exy + Fy 2 
+ Gx 3 + Hx 2y + Ixy 2 + Jy 3 + Kx 4 
+ Lx3y + Mx 2y 2 + Nxy 3 + Oy4 • (I) 
where Wis the wavefront aberration in microns and x, 
y are cartesian co-ordinates in millimetres in the entrance 
pupil of the eye, and A to 0 are aberration (Taylor) 
coefficients corresponding to the various types of aberra-
tion being considered (Howland & Howland, 1976, 
1977). 
We adopted the same sign convention as in previous 
studies which have utilised the aberroscope; xis positive 
to the subject's right and y is positive in the superior 
direction. The coefficients A to F are related to prism, 
sphere and cylinder components which can be corrected 
with conventional ophthalmic lenses. The coefficients 
G to J are referred to as third-order aberrations and 
encompass asymmetrical and coma-like aberrations. 
The coefficients K to 0 repres.ent fourth-order aberra-
tions and include spherical aberration (K, M and 0 
terms) and other fourth-order aberrations (L and N 
terms). Longitudinal spherical aberration was calculated 
from the K, M and 0 terms of the wavefront poly-
nomial: 
LSA(D) = (3K + M + 30)r 2/2 (2) 
where r is the radius of the entrance pupil (Howland & 
Howland, 1977). 
Grid resolution 
For high levels of aberrations, the aberroscope grid 
pattern can become so distorted that the outer grid 
intersections of a 4 x 4 grid can no longer be accurately 
resolved, however the central square of the grid remains 
relatively clear. We excluded grids from the analysis 
when this distortion encroached upon the resolution 
of the central 4 x 4 grid. The effect of various levels of 
spherical aberration and lateral coma on the aberro-
scope grid pattern are presented in Fig. I. 
For the 18 emmetropic subjects that we tested, only 
two subjects had poor quality aberroscope photographs 
at all three accommodation levels. In both of these cases, 
the poor aberroscope grid quality was considered to 
be due to poor photography, rather than distortion 
due to high levels of aberrations. Of the 16 remaining 
emmetropic subjects, there were five subjects for whom 
the aberroscope photograph at one accommodation 
level could nOt be analysed. Two of these aberrosccipe 
photographs could not be analysed because of poor 
photograph quality and three because of high levels of 
aberrations. 
SPHERICAL ABERRATION 
A B 
COMA 
c D 
FIGURE I. Variation in aberroscope grid patterns for two levels of spherical aberration and lateral coma. Spherical aberration 
is determined by the K, M and 0 terms (in the ratio 3 K:M:30) of the Taylor polynomial and lateral coma by the G and 
[ terms (in the ratio 3 G:I). For spherical aberration. (A) and (B) show increasing levels of spherical aberration and just 
resolvable 5 x 5 and 3 x 3 grids (respectively). For lateral coma. panels (C) and (D) show increasing levels of coma and just 
resolvable 5 x 5 and 3 x 3 grids (respectively). 
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Of the 37 myopic subjects we tested, there were 16 
subjects for whom the quality of the aberroscope 
grid photographs (at all three accommodation levels) 
precluded analysis. For 6 of the 16 subjects, poor 
photography was considered to be the major cause of 
rejecting the photographs. For the remaining 10 sub-
jects, a high level of aberrations was considered to be the 
major cause for rejecting the aberroscope photographs. 
Useable data were obtained from 21 myopic subjects. 
However of these, there were 10 subjects for whom the 
aberroscope photograph at one of the accommodation 
levels was not able to be analysed. Six of these aberro-
scope photographs were too highly aberrated to resolve 
a 4 x 4 grid and the remaining four aberroscope photo-
graphs were rejected because of poor photographic 
quality. 
Amongst the 37 myopic subjects tested, if we exclude 
those grids which were not analysed because of poor 
photograph quality, there were 36 ofa possible 99 (36%) 
aberroscope photographs rejected because the grids were 
considered too distorted to be resolved. This compares 
with a rejection rate of three out of a possible 46 
(7%) aberroscope photographs (excluding those rejected 
because of poor photographic quality) for the 18 
emmetropes. 
The problem of excessive distortion in the aberroscope 
grids of myopes did not appear to be related to the 
magnitude of their refractive error. The mean refractive 
error of the 10 myopic subjects whose grids could not be 
analysed because of distortions was -3.9 D (SD± 1 .8), 
compared with the remaining 21 myopic subjects 
whose mean refractive error was -3.5 D (SD± 1.7). 
This difference was not statistically significant (unpaired 
t-test; P = 0.5). 
RESULTS 
Taylor coefficients 
The Taylor coefficients derived from the aberroscope 
grids for each of the myopic and emmetropic subjects 
tested are presented in Table 1 along with the group 
mean coefficients (±SD). Of the individual Taylor 
coefficients only the J (third-order aberration) and M 
(fourth-order aberration) terms showed a substantial 
difference between the myopic and emmetropic subject 
groups, the myopic group having more negative J and M 
term values. However, after accounting for repeated-
measures, these differences were not statistically signifi-
cant (I-tests with Bonferroni adjustment). 
Third-order and fourth-order aberrations 
The mean-squared-errors of third-order and fourth-
order aberrations for the emmetropic and myopic 
subject groups (4.5 mm pupil), as a function of accom-
modation level, are presented in Fig. 2 (panels A and B 
respectively). rn general terms, the magnitude of the 
mean-squared-errors (µm 2 ) for third-order aberrations 
was about 2-3 times greater than that for the fourth-
order aberrations at all accommodation levels, for both 
the myopic and emmetropic groups (Table 2). 
The interactions between refractive error group, 
accommodation level and third-order and fourth-order 
aberrations were investigated using a repeated-measures 
analysis of variance (ANOVA). Unfortunately the 
power of these analyses are reduced because of the 
missing aberroscope results for a number of subjects 
at different accommodation levels. The subject numbers 
in each group in the ANOVAs were reduced to 1 l 
emmetropic and 11 myopic subjects, who had complete 
data across the three accommodation levels. 
The myopic group had lower fourth-order aberrations 
than the emmetropic group at each accommodation level 
(Table 2). This difference in .fourth-order aberrations 
between-groups was statistically significant (F1•20 = 5.30, 
P = 0.03), as was the change in fourth-order aberra-
tions associated with accommodation within-groups 
(F2.•o = 3.37, P = 0.04). 
However there was no significant difference between 
refractive error groups in fourth-order aberrations 
associated with changes in accommodation (F2•40 = 0.60, 
p =0.55). 
The third-order aberrations of the two refractive 
groups were not significantly different (F1•20 = 0.21, 
P = 0.65); .!10r did they change significantly with accom-
modation level (within-groups; F2_.0 = 1.25, P = 0.30 
or between-groups; F2.40 = 2.02, P = 0. 15). The myopes 
did show a relatively large increase both in the mean 
and variance of their third-order aberrations at the 
3 D accommodation level compared with the 0 and 1.5 D 
levels [Fig. 2(A)]. 
Longitudinal spherical aberration 
Longitudinal spherical aberration was derived from 
the fourth-order K, M and 0 Taylor coefficients. Both 
groups of subjects showed a trend toward more negative 
spherical aberration with increasing accommodation 
level of about 0. 17 D for a 3 D change in accommo-
dation with a 4.5 mm pupil size (Fig. 3). 
The interdependence between refractive error group, 
accommodation level and spherical aberration was 
investigated using a repeated-measures ANOVA. The 
difference in spherical aberration between refractive 
error groups was not statistically significant (F1•20 = 1 .05, 
P = 0.32), nor was the change in spherical aberr-
ation associated with accommodation within-groups 
(F2,.0 = 2.42, P = 0. 10) or between-groups (F2,40 = 0. 16, 
p = 0.85). 
Critical pupil diameter (Marecha/ criterion) 
The pupil diameter for which the root-mean-square 
deviation of the wavefront from a perfect sphero-
cylinder is one-fourteenth of the wavelength of the 
incident light (632.8 nm for our aberroscope system) is 
termed the critical pupil diameter (Marechal criterion). 
When the natural pupil diameter exceeds this value, the 
resolution of the eye is considered to be limited by the 
aberrations present. The critical pupil diameter derived 
from individual data covered a range from 2.99 mm 
(±0.49) to 3.18 mm (±0.34), across the three accommo-
dation levels (Table 2). There was no apparent trend in 
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FIGURE 2. Group mean third-order aberrations (±SD) (A) and 
group mean fourth-order aberrations (±SD) (B) for the myopic and 
emmetropic subject groups for 0, 1.5 and 3 D accommodation levels 
(for a 4.5 mm pupil). The third-order aberrations are the mean-
squared-errors (µm 2 ) derived from the Taylor polynomial terms G to 
J. The fourth-order aberrations are the mean-squared-errors (Jim2 ) 
derived from the Taylor polynomial terms K to 0. 
critical pupil diameter as a function of refractive error 
group or accommodation level. There was also no 
significant correlation between critical pupil diameter 
and refractive error magnitude at any of the three 
accommodation levels. 
DISCUSSION 
Our results suggest that there are potential differences 
in the monochromatic aberrations present in myopic 
eyes compared with emmetropic eyes. A high proportion 
of myopic subjects who we tested produced aberroscope 
grids which appeared too highly distorted to permit 
analysis with reasonable confidence (36% of potential 
grids tested for the myopes). This compares .with only 
7% of aberroscope grids obtained from emmetropic 
subjects, which appeared too distorted to permit analy-
sis. fn view of this limitation, the results of this study 
probably significantly underestimate the differences in 
monochromatic aberrations between the eyes of myopic 
and emmetropic subjects. Of the data we analysed, 
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TABLE 2. Group mean data for LSA, third-order aberrations, fourth-order aberrations and critical pupil 
diameter 
Accommodation 
level Critical pupil Third-order Fourth-order 
Group (D) LSA (D) diameter (mm) (lim2 ) (µm') 
Emmetropes 0 0.16 ± 0.42 3.1±0.37 0.040 ± 0.03 0.026 ± 0.02 
1.5 0.04 ± 0.39 3.1 ± 0.29 0.039 ± 0.02 0.019 ± 0.01 
3 0.01 ±0.26 3.1±0.35 0.040 ± 0.04 0.020 ± 0.21 
Myopes 0 0.01 ±0.36 3.1 ± 0.32 0.042 ± 0.03 0.016 ± 0.01 
1.5 -0.07 ±0.38 3.2 ± 0.34 0.038 ± 0.03 0.013 ±0.01 
3 -0.17 ±0.45 3.0 ± 0.49 0.073 ± 0.07 0.016 ± 0.01 
Data are the group mean± SD. LSA, third-order and fourth-order aberrations relate lo a 4.5 mm pupil. 
Third-order and fourth-order aberrations arc the mean-squared-errors. 
the differences were largely confined to the fourth-order 
aberrations, the myopic group showing significantly 
lower fourth-order terms than the emmetropes. 
The origin of the observed differences in mono-
chromatic aberrations between refractive error groups 
is not clear. They could result from optical effects 
associated with excessive eye growth in myopic eyes or 
could contribute to the development of myopia, in line 
with the hypothesis that poor retinal image quality 
promotes excessive eye growth. Studies of the ocular 
dimensions of myopes and age-matched erii.metropes 
consistently show greater vitreous chamber depth for 
the myopes; however data relating to differences in 
anterior chamber depth, and the optical and axial di-
mensions of the crystalline lens and cornea are inconclu-
sive (McBrien & Millodot, 1987; Grosvenor & Scott, 
1991; Bullimore, Gilmartin & Royston, 1992; Garner, 
Yap & Scott, 1992). 
The Taylor coefficients derived from the aberroscope 
grids of the 37 subjects in this study, were generally 
similar in magnitude to those derived in previous studies 
using the aberroscope (Howland & Howland, 1977; 
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FIGURE 3. Group mean longitudinal spherical aberration (LSA; 
±SD) for the myopic and emmetropic subject groups for 0, 1.5 and 
3 D accommodation levels (for a 4.5 mm pupil). The spherical aberra-
tion values are derived from the Taylor polynomial fourth-order K, M 
and 0 terms using equation (2). 
Walsh et al., 1984). Like previous studies of mono-
chromatic aberrations we found that the third-order 
aberrations were of greater magnitude than fourth-order 
aberrations (Van den Brink, 1962; Smirnov, 1961; 
Howland & Howland, 1977; Walsh et al., 1984; 
Campbell et al., 1990). 
There was substantial individual variation in the effect 
of accommodation for both third-order and fourth-
order aberrations. The magnitude of both refractive 
groups' mean third-order and fourth-order aberrations 
remained relatively constant across accommodation 
levels. However the myopes showed a relatively large 
increase in third-order aberrations at the 3 D accommo-
dation level compared with the 0 and 1.5 D levels. 
Spherical aberration became progressively more negative 
in power with increasing accommodation, as reported 
in previous studies (Koomen et al., 1949; Ivanoff, 1956; 
Jenkins, 1963; Atchison et al., 1994). However 
the magnitude of this change in spherical aberration 
was relatively small compared with data from some 
previous studies which may have included the contri-
bution of third-order aberrations (I van off 1956; Jenkins, 
1963). 
Using the subjective aberroscope technique with a 
group of 55 eyes (of 33 subjects) of undefined refractive 
errors, Howland and Howland (1977) found an approxi-
mately equal distribution of positive and negative 
spherical aberration with a mean of positive spherical 
aberration. These data were collected with an accommo-
dative level presumed to be close to the subjects' tonic 
accommodation level and show broad agreement with 
our findings at the intermediate accommodation level 
(1.5 D). At the three accommodation levels we tested, 
our myopic group tended to show relatively more nega-
tive spherical aberration than the emmetropes, although 
this difference between groups was not statistically 
significant. 
The derived critical pupil diameters of the myopic and 
emmetropic subjects in this study were similar and not 
affected by accommodation. The mean critical pupil 
diameter of the 37 subjects (averaged across the 3 
accommodation levels) was 3.1 mm, which is similar to 
the mean value of 3.3 mm reported by Walsh et al. ( 1984) 
and the median value of 2.8 mm reported by Howland 
and Howland (1977). 
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CONCLUSIONS 
We have investigated the monochromatic aberrations 
present in the eyes of a group of 21 young myopic 
subjects and 16 young emmetropic subjects, along the 
visual axis and across three levels of accommodation. 
The emmetropic and myopic groups showed significant 
differences in fourth-order aberrations, with the myopic 
subjects showing lower fourth-order aberrations. Third-
order aberrations were not significantly different be-
tween refractive error groups, but showed higher overall 
magnitudes than the fourth-order aberrations. A high 
proportion of the aberroscope grids photographed 
in myopic eyes were too highly distorted to permit 
analysis. This was not the case for emmetropic subjects 
and suggests that our statistical comparisons of 
monochromatic aberrations present in myopes and 
emmetropes probably underestimates the true differ-
ences between these refractive error groups. 
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Technical Note 
Calibration of the Canon Autoref R-1 
for continuous measurement of 
accommodation 
Brett Davis, Michael Collins and David Atchison 
Centre for Eye Research, School of Optometry, Queensland University of Tec/mology, 
GPO Box 2434, Brisbane, Queensland, Australia 4001 
(Received 21 August 1992, in revised form 15 October 1992) 
The Canon Autoref R-1 is an infrared optometer which allows free-space viewing. Pugh and Winn 
described hardware modifications necessary to convert the Autoref R-1 from an instrument capable of 
taking single static measurements of the eye's accommodative (refractive) status to an instrument capable 
of continuous measurement of the accommodative status of the eye. We describe two methods of 
calibrating the Autoref R-1 for continuous measurement of accommodation for any individual eye. The 
assumptions and sources of error underlying these calibration techniques are discussed. We also describe 
further hardware modifications to simplify signal acquisition from the Autoref R-1. 
The Canon Autoref R-1 autorefractor is an infrared 
optometer designed to allow rapid measurements of 
the refractive status of the eye. The instrument is not 
typical of autorefractors, in that it allows free-space 
viewing by the subject while measurements of refraction 
are made. The free-space viewing is achieved with a 
beamsplitter which reflects infrared radiation and trans-
mits visible radiation. An infrared beam is directed 
into the eye by the beam splitter, while the subject 
looks through it to the object of interest. This feature 
makes it particularly useful for research into accommo-
dation. 
Pugh and Winn described the modifications to convert 
the Autoref R-1 from an instrument capable of single 
static measures of the eye's refractive status, to an 
instrument capable of both static measures and continu-
ous voltage output which can be directly related to the 
accommodative status of the subject1•2• In normal mode, 
a motor moves the Autoref R-1 focusing system with 
respect to the instrument's photodetectors. The modifi-
cations described by Pugh and Winn permit the focusing 
system of the Autoref R-1 to be disabled and manually 
adjusted to alter the vergence of light incident upon the 
instrument's photodetectors1•2• The continuous signal 
from the photodetectors can then be fed via signal 
conditioning circuitry to a chart recorder or an A/D 
converter in a computer. 
We report two methods for calibration of the modified 
Autoref R-1 output for individual subjects' accommo-
dation response. We discuss the advantages and dis-
advantages of these calibration methods and examine 
their underlying assumptions. 
© 1993 Butterworth-Heinemann for British College of Optometrists 
0275-5408/93/020191--08 
Normal operation of the Autoref R-1 
In static shot mode, pressing the joy-stick button causes 
a motor to move a lens system through a measurement 
sweep in about 200 ms. Throughout this sweep, the 
Autoref R-1 projects a 5 kHz chopped, infrared 
measurement beam through three masks oriented at 30°, 
150° and 270°, into the eye. The beam reflected from the 
retina is directed through three identically oriented 
masks onto three photodetectors. The Autoref R-1 then 
uses signal conditioning circuitry to transform this 
modulated signal to a d.c. voltage waveform (Figure I). 
The signal conditioning circuitry consists of a band-pass 
filter, a half-wave rectifier, a low-pass filter and an 
amplifier for each of three output channels. 
The peak (maximum voltage) of each of the three 
waveforms occurs for the position of the lens system for 
which the reflected beam is at best-focus on the detector 
masks (Figure !). The magnitude of the peak is affected 
by pupil size, but provided pupil size is not very small 
the Autoref R-1 processor is able accurately to calculate 
the sphere, cylinder and axis values for the eye by 
comparing the positions of the waveform maxima of the 
three output channels3. Information on the algorithms 
used in these calculations and the optical design 
of the Autoref R-1 have been presented by Matsumura 
et al. 4• 
Continuous measurement of accommodation 
In the continuous mode of operation, the Autoref R-1 is 
calibrated to give an output d.c. voltage level dependent 
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Focusing lens Movement 
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Focusing lens Position 
Figure I Generation of the Autoref R-1 waveform during a static 
shot. Movement of the focusing lens produces a change in the voltage 
output from the photodetectors 
upon the position of the focusing lens and the accommo-
dative state of the subject. We have used two methods 
of calibration for continuous accommodation measure-
ment with the Autoref R-1. 
In both calibration methods, the same hardware is 
used to acquire the data. The system consists of an 
IBM-compatible personal computer, an input/output 
board to acquire the static shot data, and a 12 bit A/D 
converter board to acquire both the static shot wave-
forms and the continuous signal. The software to oper-
ate the data acquisition system has been written 'in 
house' for both methods of measurement. 
The output signal from the Autoref R-1 is derived 
from one of the three measurement channels. It does not 
matter which channel is selected as the source channel, 
since all should be functioning normally for the instru-
ment to give accurate sphero/cylindrical results in the 
static shot mode. 
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Figure 2 Waveform shape from a subject's eye, sourced from the 
Autoref R-l. The positive slope of the waveform is used to cstabhsh 
the individual subject's calibration. The linear region which we utilize 
for calibration covers an accommodation range of about 4.2 D and is 
illustrated by the section of the waveform between points A and B. The 
x axis is lens position given as time within the 200 ms sweep cycle of 
the lens 
192 Ophthal. Physiol. Opt.. 1993, Vol. 13, April 
6 
5 
e: 
Cl> 
fJJ 
c: 4 
0 
c. 
fJJ 
Cl> 
a: 
c: 3 
0 
:;::; 
(ti 
'O 
0 2 E 
E 
0 
0 
0 
<t 
0 
0 
/ 
/ 
/ 
/ 
/ 
2 
/ 
/ 
/ 
/ 
/ 
/ 
3 
/ 
/ 
/ 
/ 
/ 
/ 
4 
/. / . 
/ 
/ 
/ 
/ 
5 
Accommodation Stimulus (D) 
/ 
/. 
/ 
/ 
6 
Figure 3 Accommodation stimulus to response relationship for two 
subjects. The linear portion of the slope is normally in the l-4 D 
region. The dashed line indicates the ideal one-to-one relationship 
Calibration method A 
This method is similar to that outlined by Pugh and 
Winn'. A .target is presented to the subject at a number 
of distances (for example 1, 0.5 and 0.33 m correspond-
ing to I, Z and 3 D accommodation stimulus for an 
emmetrope) and static shots are taken. The measured 
accommodation responses (i.e. refractive error) at 
each of the target distances are used to give a stimulus 
to response relationship for the particular subject. 
This procedure is necessary to establish the mathemati-
cal characteristics of the accommodative stimulus to 
response relationship for a particular subject. The 
waveform for the 2 D stimulus is simultaneously 
sampled and stored for later use in the calibration 
routine (Figure 2). 
If measurements are taken within the 1-3 D accom-
modation range, there is generally little lead or lag of 
accommodation present5 (Figure 3). A linear fit to the 
stimulus/response data in the 1-3 D range typically 
gives a slope of close to unity with a small y intercept 
(Figure 4a ). 
The target is then placed at the intermediate distance 
of the range of interest (in the above example, to 0.5 m 
or 2 D stimulus}, the AutorefR-1 is switched to continu-
ous mode and the focusing lens position is manually 
adjusted so that the voltage output is equivalent to the 
midpoint of the positive slope of the waveform (sampled 
previously in static shot mode for the intermediate 
stimulus distance) (Figure 4b ). The setting to the mid-
point of the waveform gives an approximately equal 
linear range for either higher or lower accommodation 
responses and gives maximal sensitivity during continu-
ous accommodation measurement, since the change in 
voltage per dioptre of accommodation is greatest in the 
steepest portion of the waveform slope (i.e .. the central 
portion). The midpoint setting can be considered to 
correspond to any desired accommodation level, but 
should be close to the centre of the range of accommo-
dation of interest. 
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Normal microftuctuations of a subject's accommo-
dation response ( <0.5 D) will produce a varying out-
put voltage, making it difficult accurately to set the 
focusing lens at the exact equivalent voltage at the 
midpoint of the positive slope of the waveform. The 
accuracy of this midpoint setting is.not crucial, since its 
function is to position the focusing Jens where a refer-
ence voltage level can be taken. Once this reference 
voltage level is set, neither the internal focusing lens 
nor the joy-stick controlled focus on the subject's eye 
should be altered. Because the focusing lens is now 
stationary, the output voltage signal will only vary due 
to changes in accommodation, as the focus at the plane 
of the detector masks varies. 
The target is then re-presented to the subject at the 
same stimulus levels as used in the static shot measures 
(e.g. I, 2 and 3 D) and an average voltage level is taken 
for each level over a period of a few seconds. These 
voltage levels are then used to derive a voltage to 
response (D) relationship for the individual subject 
(within the 1-3 D range a linear regression can be used) 
(Figure 4c and d). Following this calibration routine, 
the continuous voltage output can be sampled for a 
specified length of time at a known sampling rate to 
enable an accurate reconstruction of the subject's con-
tinuous accommodation response. 
Calibration method B 
The stimulus to response relationship is esta·blished in a 
series of static shot measurements as in method A. 
However the waveform produced by the sweep of the 
focusing lens is also simultaneously sampled at each 
stimulus level (unlike method A, where only the 2 D 
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conditions. Note that the mean accommodation level of the static shot 
measurements closely matches the continuous measurements and that 
the range of the accommodation level is consistent between methods 
(if allowance is made for differences resulting from the sampling 
frequency) 
stimulus waveform is sampled). This enables a waveform 
position to accommodative response (D) relationship to 
be established (Figure 5a, b and c ). 
The instrument is then switched to continuous mode 
and the subject views the target at the intermediate 
stimulus distance. The focusing lens position is manually 
adjusted to give an output voltage equivalent to the 
midpoint of the positive slope of the waveform corre-
sponding to this stimulus distance (Figure 5d). A 2 s 
sample of continuous voltage data is taken from the 
Autoref R-1. This voltage data is the direct equivalent of 
5.5 
2 5.0 
Q) 
C) g 
Ci 4.5 Iii 
> 
-"' Ol 
Q) 
c.. 4.0 
§ 
.E 
Q) 
> 3.5 Ol 2 $:: 
3.0 
2 3 5 6 7 8 
Pupil Diameter (mm) 
Figure 7 Relationship between pupil size and voltage output for the 
Autoref R-l derived using opaque tinted soft contact lenses with clear 
pupils. They axis output voltage is the peak voltage of the waveform. 
Data is the mean of 15 measurements for each pupil size, for one 
subject. Error bars are I SD 
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Figure 8 The relationship between static shot results using the 
Autoref R-1 and refractive errors induced by fitting a range of soft 
contact lenses with known back vertex power to the eyes of five 
subjects. Accommodation response in the tested eyes was minimized 
through the use of cycloplegia. Instrument error over the accommo· 
dation (refractive error) range of interest, can be incorporated into the 
algorithms used for the calibration routine for individual eyes. The 
equation of the regression line is y = 0.11 + 0.99x, r 2 = 0.97 
the static response at this stimulus distance. When the 
subject increases their accommodation level from this 
set-point, the voltage output from the R-1 increases, 
which is the equivalent of the set-point moving further 
up the positive slope of the waveform (Figure 5e ). When 
the subject reduces accommodation level with respect to 
the set-point, the voltage output diminishes. 
Each continuous data value is converted from a 
voltage to an equivalent focusing lens position by using 
the polynomial curve fit for the waveform. This position 
value is the equivalent of the amount the waveform 
would have shifted to produce the measured change in 
output voltage (Figure 5a and e ). The position values are 
then converted to accommodation values by using the 
focusing lens position to accommodation response re-
lationship obtained from the static mode measurements 
(Figure 5a, b and c ). 
Comparison of the calibration methods 
There are some minor advantages of the method B of 
continuous measurement calibration when compared 
with the method A calibration. Method B of calibration 
is quicker to perform and may give more reliable cali-
bration results because both the static and continuous 
calibration stages are performed simultaneously. How-
ever, the software necessary for method B is more 
complex to develop. 
Accuracy of calibration methods 
Normal accommodative microfluctuations influence 
the accuracy of static shot measurements using the 
Autoref R-1. The instrument makes a single accommo-
dation (refractive error) measurement in about 200 ms, 
whereas normal microfluctuations have an amplitude up 
to 0.5 D and have temporal frequencies6 of < 2 Hz. This 
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means that measurements in static shot mode will occur 
faster than a complete microfluctuation cycle and will 
therefore potentially have a range of up to 0.5 D. To 
compensate for the likely inaccuracy, a number of static 
shots should be taken and averaged. We normally take 
three static shot readings at each target distance. In 
method B the waveform is also sampled three times at 
the 2 D target distance and the voltage is averaged for 
each focusing lens position (time) increment. 
The relationship between static shot data and continu-
ous data, measured consecutively and under identical 
stimulus conditions is presented in Figure 6. The range 
of the static shots should approximately match the 
amplitude of the microfluctuation range for the continu-
ous measurement, and the mean of the static shot results 
should approximately match the mean of the continuous 
output. 
Both calibration methods described in this paper 
rely on the assumption that the waveform produced by 
the Autoref R-1 from the reflected infrared beam is the 
same shape and amplitude for the one subject at all 
target distances. We have found that for any given 
subject the waveform shape and amplitude is very 
consistent across a broad range of stimulus/response 
levels. However, the waveform amplitude varies substan-
tially between subjects, presumably because of individual 
differences in media characteristics or retinal reflectance. 
For this reason it is not possible to achieve a 'universal' 
calibration for all subjects with either calibration 
method. 
Changes in head position during continuous mode 
measurements can affect the Auto ref R-1 voltage output, 
so we replaced the chin rest on the instrument by a 
bite-bar system and a head strap. The head-rest was also 
isolated from the body of the optometer to minimize the 
effects of vibrations on the Autoref R-1 output signal. 
For an individual subject, the calibration is only valid 
while the subject remains in the head restraint/bite bar 
apparatus. 
Winn et al. reported that in continuous mode the 
output signal amplitude of the Autoref R-1 can change 
substantially if a subject's pupil size decreases to 
<3.9 mm during a measurement3. We repeated a similar 
experiment to that of Winn et al. with one subject using 
opaque soft contact lenses with clear pupils of 8, 6, 
5, 4 and 3 mm diameter and confirmed this finding 
(Figure 7). Pupil sizes greater than 4 mm do not substan-
tially alter the magnitude or shape of the output wave-
form. Therefore it may be necessary to dilate subjects' 
pupils by reducing room illumination or by mydriatic 
drugs. 
Another potential source of error in both calibration 
techniques is the accuracy of static shot results of the 
Autoref R-1. One method of determining whether the 
Autoref R-1 is accurately calibrated is to use a range 
of soft contact lenses of known power to change 
the refraction of a subject's eye while it is under cyclo-
plegia. This allows the relationship of static shot 
results to the true refractive error to be calculated by 
a regression analysis. This relationship should ideally 
be linear with a slope of unity and a zero y intercept. 
The results of five subjects for the calibration of an 
Autoref R-1 are given in Figure 8. These data are 
well fitted by a linear function (y = 0.11 + 0.99x, 
r 2 = 0.97) and the small instrument errors evident in 
the slope and y intercept terms of the linear fit can be 
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incorporated into the calculations to provide accurate 
static shot data in the continuous calibration. Spectacle 
trial lenses cannot be used for this calibration routine, 
because the Autoref R-1 does not consistently provide 
readings through these lenses. Tilting the lenses mini-
mizes this difficulty, but the accuracy of the readings is 
then in doubt. 
Another method of checking the accuracy of the 
Autoref R-1 is to use model eyes (available from Canon) 
with a range of refractive error settings. Unfortunately, 
the myopic model eye has only high errors ( - 9 to 
15 D) and increments between errors are large for 
both model eyes. The desired refractive error range for 
accommodation studies is generally only +3 to -6 D 
(assuming subjects have low refractive errors). 
Typical continuous accommodation signal 
Continuous data is acquired for a specified time at a 
known sampling rate. We use a sampling rate of 
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Figure 9 (a) An example of a continuous accommodation recording 
using the Autoref R-l. (b) The power spectrum provides information 
regarding the fluctuations in the signal. The power density of the 
fluctuations (D'/Hz) is plotted against the temporal frequency of the 
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Figure 10 Schematic diagram of Canon Autoref R-1 (with top cover 
removed) showing the position of signal conditioning circuit board 
PB204 (•) 
102.4 Hz to give 1024 points over a IO s sample time, as 
previously used in work with the Autoref R-1 3•7•8• A 
Fourier filter is later applied to the data with a cut-off 
frequency of 10 Hz. A 10 Hz cut-off was chosen because 
accommodation microfluctuations are normally6 
confined to frequencies of < 2 Hz. 
An example of a continuous accommodation output 
from the Autoref R-1 is presented in Figure 9a. The 
accommodation response can be analysed in a number 
of ways. As well as standard statistical measures of the 
data (e.g. mean, standard deviation, range), the ampli-
tudes and frequencies of the major accommodation 
microfluctuations can also be determined by deriving a 
power spectrum (Figure 9b ). The power spectrum gives 
a measure of the signal power (in this case D2/Hz) versus 
the temporal frequency (Hz) of the signal fluctuations. 
These power spectrum data show the expected 1-1.5 Hz 
microfluctuation peak, which is though to. be related to 
the effect of arterial pulse in the eye, and the expected 
low frequency microfluctuation peak7 at <0.5 Hz. 
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The resolution of the power spectrum is a function of 
the sampling time (I/t). In this case for a 10 s sample, the 
resolution is 0. I Hz. ft is difficult to improve the resol-
ution substantially beyond this since most subjects find 
it difficult not to blink in a period of longer than 10 s. 
Any blink or eye movement within the continuous 
sampling time causes an abrupt change in signal ampli-
tude. This rapid change in signal amplitude introduces 
a substantial increase in power spectrum amplitude 
across the full range of temporal frequencies. For a more 
detailed discussion of power spectrum analyses related ~o 
ocular dynamics including accommodation, the work of 
Pugh et al. provides relevant background information8• 
Autoref R-1 modifications 
Signal processing 
Pugh and Winn's description of modifications to the 
Autoref R-1 included an external signal conditioning 
circuit to process the signals from the photodetector. We 
found that an alternative method of obtaining a signal 
suitable for direct use by a computer's A/D converter or 
chart recorder, was to acquire the signal from the output 
channels of the Autoref R-l's internal signal condition-
ing circuit board (circuit board PB204). These output 
pins are easily accessible. 
We found that the cut-off frequency of the low-pass 
filter in the AutorefR-1 circuitry was too low to produce 
equal voltage levels for the same focusing lens position 
in both the static and continuous modes of operation 
(i.e. the output voltage level was dependent upon the 
focusing lens speed as well as the position). The cut-off 
frequency of this filter was extended from 40 to 400 Hz 
by replacing the two 0.1 µF capacitors, which determine 
this value for each of the three output channels, with 
0.01 µF capacitors (C5, C6, CI 1, Cl2, Cl7 and Cl8 on 
PB204). This change in the cut-off frequency did not 
produce any significant change in the signal to noise 
ratio of the output waveform in either mode of operation 
(i.e. static or continuous). Figures IO and I I show these 
modifications. 
Acquiring the continuous voltage signal from the 
internal circuitry of the Autoref R-1 has some advan-
tages over the method described by Pugh and Winn 1• 
The signal to noise ratio for the maximum of a typical 
waveform when using the new method was ~50/I, as 
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~ ~ ~ ~ = 0 
= ~ 
~o 500Q ~o so 
Figure II Layout of the top right hand corner of signal conditioning board PB204, showing the location of capacitors (C5, C6, Cl!, Cl2, Cl7, 
Cl8) and the output pins of the lhree channels and ground, used for continuous recording 
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Figure 12 Circuit diagram of one possible circuit to allow 'rapid-fire' mode of operation of the Canon Autoref R-1 
compared with "'='20/1 when using the external circuitry 
of Pugh and Winn' (e.g. one subject had a 5.00 V signal 
and 0.09 V noise at maximum amplitude with the new 
method and a corresponding 3. 15 V signal and 0. 15 V 
noise with the external circuitry). This is primarily 
because the Autoref R-1 has a more refined internal 
filtering and amplifying system than Pugh and Winn's 
external circuitry. This method of signal acquisition is 
also easier to implement, since no extra hardware needs 
to be built. 
Rapidly repeating static measures 
It is sometimes desirable to have the Autoref R-1 make 
repeated static measures of the accommodation re-
sponse. The instrument requires "'=' 1 .4 s between trigger-
ing the static measurement and the sphero/cylindrical 
result appearing on the screen. To produce· a sequence 
of repeating static measures every 1.4 s, a simple 
optoswitch can be placed in the Autoref R-1 joy-stick 
trigger button (Figure 12). This switch can then 
be triggered every 1.4 s (sampling frequency is then 
0.7 Hz) via a microcomputer, and the sphero/cylindrical 
(serial) data acquired by the microcomputer via the 
printer port on the Auto ref R- 1. The sphero/cylindrical 
data on the printer port line is in I's compliment ASCII 
(the 8th, most significant bit.is always high). The string 
of ASCII characters corresponds to the monitor display 
format. 
Conclusions 
We have found that the techniques discussed in this 
paper allow the Canon Autoref R-1 autorefractor to be 
calibrated to produce an accurate and reliable continu-
ous measurement of a subject's accommodation status. 
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Because of its free-space viewing design, the instrument 
provides a useful tool for applied research into the 
accommodation mechanism under a wide variety of 
stimulus conditions. 
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Microfluctuations of Steady-state 
Accommodation and the Cardiopulmonary 
System 
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The relationship between variations in steady-state accommodation (microfluctuations) and rhythmic 
cycles in cardiopulmonary system was investigated. As previously reported, vascular pulse frequency 
was consistently correlated with the high frequency component of steady-state accommodation 
microfluctuations. In a new finding, respiration rate and an associated cycle in the instantaneous pulse 
rate also showed a correlation with a low frequency component of the accommodation power spectra. 
This apparent coherence between respiration frequency and an accommodation low frequency 
component was maintained during rapid breathing and was evident at the expected frequency during 
regulated breathing patterns. This association may reflect the direct influence of the autonomic nervous 
system upon the ciliary muscle or may be caused by the modulation of intraocular pulse by the 
autonomic nervous system. 
Accommodation Microfluctuations Steady-state Pulse Respiration 
lNTRODUCTION 
Microfluctuations occur in the accommodation response 
during steady-state viewing conditions. These microfluc-
tuations are typically < 0.25 D in magnitude and occur 
at frequencies < 2 Hz. The temporal frequencies of the 
microfluctuations have been further classified into high 
(1-2 Hz) and low ( <0.6 Hz) frequency components 
(Charman & Heron 1988; Winn & Gilmar:tin, 1992). The 
potential role, if any, of the high and low frequency 
components of microfluctuations is not clear. 
A significant correlation between high frequency 
microfluctuations and arterial pulse was first demon-
strated by Winn, Pugh, Gilmartin and Owens (1990a). 
This relationship was maintained during the recovery 
phase of exercise-induced increase in pulse rate and was 
absent in the aphakic eye of unilateral aphakes. Winn, 
Pugh, Gilmartin and Owens (1990b) also found that the 
central and peripheral regions of the crystalline lens 
exhibited similar microfluctuations in terms of frequency 
peaks but were diminished in amplitude in the periphery 
compared with the central lens. 
Since vascular pulse appears to influence accommo-
dation microfluctuations, we examined the association 
between rhythms within the cardiopulmonary system 
and the various rhythms constituting the microfluctu-
ations of steady-state accommodation. This was 
*G.P.O. Box 2434, Centre for Eye Research, School of Optometry, 
Queensland University of Technology, Brisbane, Queensland 4001, 
Australia. 
achieved by simultaneously sampling steady-state ac-
commodation, carotid artery pulse and respiratory 
cycles. Since pulse rate varies under the influence of the 
autonomic nervous system through factors such as res-
piration (sinus arrhythmia), we therefore analysed pulse 
rate in terms of instantaneous pulse rate (i.e. heart rate 
variability). The variability of the heart rate has been 
widely used in the study of the influence of the auto-
nomic nervous system on the cardiopulmonary system 
(e.g. Angelone & Coulter, 1964; Hirsch & Bishop, 1981; 
Bernston, Cacioppo & Quigley, 1993). We then used the 
spectral characteristics of the accommodation, pulse, 
instantaneous pulse rate and respiration signals to inves-
tigate the potential associations between accommo-
dation microfluctuations and rhythms within the 
cardiopulmonary system. 
METHODS 
Accommodation measurement technique 
Measurements of accommodation response were 
made with a modified Canon Autoref R-1, which is an 
infrared optometer that allows free-space viewing. Pugh 
and Winn (1988, 1989) described the modifications to 
convert the Autoref R-1 from an instrument capable of 
single static measures of the eye's refractive status, to an 
instrument capable of both static measures and continu-
ous voltage output, which can be directly related to the 
continuous accommodative status of the subject. 
In the continuous mode of operation, the Autoref R-1 
"'-101 
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was calibrated to give an output d.c. voltage level 
dependent upon the accommodative state of the subject. 
Our data acquisition system consists of a computer, a 
parallel input/output board to acquire the static data, 
and a 12-bit analogue-to-digital (A-to-D) converter 
board to acquire both the static shot waveforms and the 
continuous signal. The details of our calibration 
methods are presented in Davis, Collins and Atchison 
(1993). An individual calibration was performed for each 
subject tested. 
During the following experiments the pupil of the 
subject's right eye was dilated with one drop of 0.4% 
benoxinate followed by two drops of 2.5% phenyl-
ephrine, prior to testing. Phenylephrine is a sympath-
omimetic which dilates the pupil without substantially 
affecting the accommodation amplitude (Mordi, Lyle & 
Mousa, 1986) and the concentration which we used 
should not have significantly influenced the cardiopul-
monary system. The dilated pupil size was always 
>5mm, since the Autoref R-1 output signal is dimin-
ished when pupil size falls below 4 mm (Winn, Pugh, 
Gilmartin & Owens, 1989a; Davis et al., 1993). The 
subject's left eye was not occluded during testing. There-
fore we were measuring accommodation response from 
the subjects' right eyes during binocular viewing, to 
ensure that testing conditions were as close as possible 
to natural binocular viewing conditions. 
Subjects were positioned in the Canon Autoref R-1 
using a bite-bar, brow bar, and head strap to minimize 
head movements. The head restraint apparatus was 
mounted separately to the body of the Autoref R-1 and 
was damped, to minimize the transfer of body vibrations 
to the Autoref R-1. A 40 sec accommodation record was 
measured for the right eye of each subject as they 
binocularly viewed a letter chart of high contrast (70%), 
internally illuminated (average luminance of I 70 cd/m2 ) 
at a distance of 50 cm (2 D demand). Letter size sub-
tended 7 min arc. The subjects were instructed to keep 
the fixated letter "as clear as possible" and to blink 
whenever necessary. Room illumination was low pho-
topic·(50 lx). All subjects gave informed consent before 
participating in the study. 
Pulse and respiration measurement technique 
During the measurement of accommodation, the sub-
jects' pulse and respiration rate were simultaneously 
monitored using sensitive microphones. The microphone 
to detect pulse rate was enclosed in the cup of a 
stethoscope and firmly taped over the external carotid 
artery on the right side of the neck. The microphone to 
measure respiration was attached to an adjustable probe 
and positioned just below a nostril. The signals from 
both the pulse and respiration microphones were fed into 
two separate channels of the A-to-D board, also used to 
acquire the accommodation signal. Appropriate gain 
settings were made through the software used to operate 
the A-to-D board. Control experiments were conducted 
to ensure no leakage of signals between the three 
A-to-D channels. An example of the three signals 
(accommodation. pulse and respiration) for subject AG 
is presented in Fig. I. 
Normal pulse rate is known to vary under the influ-
ence of various cardiopulmonary rhythms, such as res-
piratory sinus arrhythmia (Bernston et al., I 993). This 
variability in heart rate can be assessed through the 
instantaneous pulse rate, which is derived from the delay 
between consecutive heart beats (see Fig. l). Since Winn 
et al. (l 990a) had demonstrated a significant correlation 
between high frequency accommodation microfluctu-
ations and arterial pulse, it was therefore possible that 
rhythms in the subjects' pulse rate would also be evident 
within their accommodation microfluctuations, so we 
derived the instantaneous pulse rate from each pulse 
record we acquired. 
Power spectrum analyses 
We sampled the accommodation, pulse and respir-
ation signals at a frequency of 25.6 Hz (to give 1024 data 
points in a 40 sec record), which was well above the 
Nyquist frequency. The Nyquist frequency is twice the 
highest frequency of interest in the signal, and in the case 
of accommodation signals this highest frequency should 
not normally exceed 2-2.5 Hz (Pugh, Eadie, Winn & 
Heron, I 987):-
To analyse the cyclic changes in the acquired signals 
(accommodation, pulse, instantaneous pulse and respir-
ation), a fast Fourier transform (FFT) was employed 
and a power spectrum derived from the FFT. The power 
spectrum gives the square of the amplitude of the cyclic 
changes vs their temporal frequency (Hz). We routinely 
applied a hamming window in the power spectrum 
analyses. 
The temporal resolution of the power spectrum is a 
function of the sampling time (l/t). For example with a 
lO sec accommodation sample, the resolution is 0.1 Hz 
(each frequency bin is 0. I Hz wide). Most previous 
analyses of accommodation microfluctuations have been 
limited to approximately this resolution, since most 
subjects find it difficult not to blink in a period of longer 
than IO sec. To improve resolution of the power spec-
trum analysis we extended our accommodation sampling 
time to 40 sec and developed a technique for deleting 
blink artefacts from the record. 
To examine the variability of power spectra derived 
from accommodation records from the same subject 
(MS) we recorded three consecutive 40 sec accommo-
dation records under identical conditions. The power 
spectra derived from each record are presented in Fig. 2. 
There was a consistent general distribution of peaks 
within the three power spectra, with some relatively 
small variations in the peak's amplitude and frequency. 
Removing blink artefacts from the accommodation record 
Any blink within the continuous sampling time causes 
an abrupt change in signal amplitude. This rapid change 
in signal amplitude introduces a substantial increase in 
power spectrum amplitude across a range of temporal 
frequencies, dependent upon factors such as the charac-
teristics and frequency of the blink artefacts within the 
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signal. Within a 40 sec steady-state accommodation 
record we typically found subjects would blink 4-6 
times. 
To remove the blink artefact from the accommodation 
record, we located the beginning and end of the blink 
artefact within the accommodation record and deleted 
the intervening data points from the record. The time 
span of normal blinks is about 250 msec (Doane, 1980). 
We then counted back 15 data points (about 600 msec) 
from the beginning of the blink and forward 15 data 
points from the end of the blink and mathematically 
interpolated between these points using a cubic poly-
nomial function. 
This interpolation technique was effective because the 
time span of blinks was small compared with the fre-
quency of normal microfluctuations of accommodation. 
During this study we did not use any accommodation 
sample with more than eight blinks in the 40 sec 
sampling period. Eight blinks during a 40 sec accommo-
dation record required 2.0 sec (5%) of interpolated 
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FIGURE I. Original accommodation, pulse and respiration records for a 40 sec trial with subject AG under normal breathing 
conditions. Positions in the accommodation record where 8 blink artefacts were removed by an interpolation technique are 
indicated by a vertical dashed line. The instantaneous pulse rate (BPM is beats per minute) was calculated by measuring the 
time elapsed between each consecutive pulse beat. 
2494 MICHAEL COLLINS et al. 
0.00100 
( 
( 
( 
( 
I ( 
( 
( 
I 
0.00075 I ( 
I 
I 
I 
I 
-;:;- I I ~ I I 
"' I e, 0.00050 ~ 
M 
,, 
0 !• 
~ H 
0 ii 
0.. ii 
" ii !1 
I 
I 
0.00025 I I 
I 
I 
I 
I 
0.00000 
0.00 0.25 0.50 0,75 1.00 
Frequency (Hz) 
1.25 1.50 
Sample #1 
Sample #2 
Sample #3 
1.75 2.00 
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data. Adams and Johnson (1991) have reported a 
similar criterion for acceptance of interpolated data in 
accommodation records. 
Potential movement artefacts 
The effects of pulse and respiration on eye or body 
movements could potentially manifest as artefacts in our 
accommodation measurement technique and appear as 
"microfluctuations" of accommodation. We therefore 
investigated a range of these potential artefacts. 
A "model" eye was attached to the Autoref R-1 head 
rest and continuous recordings of "accommodation" 
were taken with the Autoref R-1, using a signal cali-
bration realistic of normal eyes. There were no measur-
able microfluctuations in the "accommodation signal" 
related to vibrations in the building in which the exper-
iments were conducted. We also left the model eye 
mounted on the head rest and had a subject simul-
taneously position themselves in the bite bar apparatus, 
while continuous readings were taken from the model 
eye. Again there were no measurable fluctuations in the 
model eye "accommodation signal" as a result of bodily 
movements associated with normal respiration, or with 
heavy breathing. 
To investigate the relationship between antero-pos-
terior eye movements, respiration and accommodation 
record, we videotaped the eye from a position perpen-
dicular to the visual axis while simultaneously measuring 
steady-state accommodation/pulse/respiration during 
normal breathing, over a 40 sec period. We used a 
standard video camera with macro-zoom lens and placed 
a millimetre rule "in-frame" at the beginning of 
videotaping to provide a calibration standard. A 
modified half-eye spectacle frame with fixed vertical 
reference pin was worn by the subject to provide a 
reference for measurement of antero-posterior eye move-
ments. A further reference pin was attached to the 
Autoref R-1 and placed "in-frame". This provided a 
means for detecting head/eye movements (relative to the 
Autoref R-1) during filming/accommodation measure-
ment. A light emitting diode was placed "in-frame" and 
triggered every IO sec via the microcomputer controlling 
the accommodation/pulse/respiration signal acquisition 
system. This provided a means of synchronising the eye 
position videotape with accommodation, respiration and 
pulse records. The resolution of this measurement tech-
nique was about 50 µm and we analysed every fourth 
frame of the videotape to give a 7 Hz sampling frequency 
for eye position. 
The antero-posterior eye movements (relative to the 
spectacle mounted reference pin) during the 40 sec of 
filming, averaged about 0.25 mm and had a maximum 
range of 0.6 mm. The power spectrum derived from the 
change in antero-posterior eye position showed no fre-
quency peaks corresponding to the major respiration or 
pulse related power spectrum peaks for this subject. The 
antero-posterior eye movements relative to the reference 
pin attached to the Autoref R-1 were similar in magni-
tude and power spectrum frequency distribution to those 
referenced to the spectacle reference pin. The average 
drift in eye position relative to Autoref R-1 was 
0. I 5 mm, ranging up to 0.6 mm during the 40 sec. 
Again there was no apparent association between the 
power spectrum of the eye position movements and 
pulse/respiration cycles. 
As a further method of investigating the potential 
effects of head/eye movements we utilized the phenom-
enon of eye retraction (in both eyes) associated with lid 
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closure in the fellow eye (Doane, 1980; Collewijn, Van 
Der Stein & Steinman, 1985). For two subjects (MC and 
JW), we recorded steady-state accommodation for 40 sec 
from the open right eye while the subject closed the left 
eye (forced blink) every 5 sec, while simultaneously 
holding their breath. The amount of eye retraction in the 
open eye, associated with lid closure in the fellow eye, 
was in the range of 0.5-1.5 mm in accord with the 
reports of Doane (1980) and Collewijn et al. (1985). If 
this regulated eye retraction had affected the accommo-
dation measurement technique, we would expect a peak 
in the accommodation power spectrum at 0.2 Hz. This 
peak was not apparent for either subjects' data, 
suggesting that this degree of antero-posterior eye move-
ment had no substantial effect on the accommodation 
signal recorded by the Autoref R-1. The small amount 
of antero-posterior eye movements associated with our 
apparatus using a bite bar and head strap (maximum 
range of 0.6 mm over 40 sec), suggests that antero-
posterior eye movements were not a likely cause of 
microfiuctuations occurring in the accommodation 
record measured with our apparatus. 
To investigate the effect of lateral eye movements 
during accommodation recording, we recorded 40 sec of 
steady-state accommodation while a subject changed 
fixation in a predetermined order every 5 sec. The subject 
was aligned in the Autoref R-1 viewing the high contrast 
letter chart at 50 cm. Every 5 sec the subject was in-
structed to change fixation to the adjacent letter 
(34 min arc separation between letters). This was con-
ducted along both the nasal and temporal meridians to 
The power spectrum derived from the pulse rate 
recording for subject AG is presented in Fig. 3. The 
major peak of the pulse rate power spectrum (1.075 Hz) 
closely matched the major high frequency peak of the 
accommodation power spectrum (region A in Fig. 3). 
There was also good correlation between the smaller 
adjacent high frequency peaks in the pulse and accom-
modation power spectra (in region A). 
We further analysed the pulse rate record from subject 
AG, by deriving the instantaneous pulse rate. The 
instantaneous pulse rate was calculated by measuring the 
time elapsed between each consecutive pulse beat over 
the 40 sec sample time. Following linear interpolation 
between each instantaneous pulse rate data point, we 
derived a power spectrum, of the instantaneous pulse 
rate (Fig. 3). The power spectrum of the instantaneous 
Normal Breathing 
Subject AG 
a maximum of 3 deg off-axis. The data suggested that the 
Autoref R-1 continuous output was influenced by lateral 
eye movements > l deg arc, which is substantially higher ~ 
than the micromovements normally observed during ~ 
steady fixation (St Cyr & Fender, 1969; Steinman, ~ 
Haddad, Skavenski & Wyman, 1973). ~ 
In summary, these control experiments suggest that ~ 
our accommodation measurement technique was un- "-
likely to be significantly influenced by small eye, head or 
bodily movements associated with pulse or respiration. 
RESULTS 
Pulse, instantaneous pulse rate, respiration and accommo-
dation 
0 
RESPIRATION 
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Forty-second accommodation, pulse and respiration 
signals were recorded for a subject (AG, aged 23 yr) who 
was instructed to breathe normally. The original accom-
modation, pulse and respiration records are presented in 
Fig. 1 and the derived power spectra in Fig. 3. This 
power spectrum reveals a series of major peaks, the 
lowest occurring below 0.06 Hz, the second occurring at 
0.125 Hz, the third at 0.275 Hz (peak B in Fig. 3) and 
high frequency peaks (region A in Fig. 3). Within the 
high frequency peaks the major peak occurred at 
1.05 Hz, with smaller amplitude peaks at 0.95 and 
1.175 Hz. 
FIGURE 3. Power spectra derived from the 40 sec accommodation. 
pulse, instantaneous pulse rate and respiration records of subject AG 
under normal breathing conditions (original 40 sec records in Fig. I). 
Shaded regions represent possible common frequencies between 
spectra. 
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pulse rate for subject AG showed a pair of adjacent 
peaks in the instantaneous pulse rate power spectrum 
(peaks at B), corresponding approximately to a low 
frequency peak of the accommodation power spectrum 
(peak B). There was also close agreement between the 
frequencies of major low frequency peaks at 0.125 Hz 
(peaks at C) in both the accommodation and instan-
taneous pulse rate power spectra. 
The power spectrum derived from the respiration 
record for subject AG is presented in Fig 3. The major 
peak in this power spectrum occurs at 0.30 Hz. There 
was close correlation between the major respiration peak 
at 0.30 Hz and a major accommodation microfluctua-
tion peak at 0.275 Hz (peak B) and a peak in the 
instantaneous pulse rate power spectrum at 0.325 Hz 
(peaks at B). The correlation between respiration and 
instantaneous pulse rate rhythms was also obvious in the 
original records for subject AG (Fig. I). 
Coherence function 
A method for investigating the degree of linear depen-
dence between two records is to calculate the coherency 
squared function, also called the magnitude squared 
coherence function or simply the coherence function 
(Bendat & Piersol, 1986). The coherence function is 
derived by calculating the magnitude squared value of 
the cross-spectral density function between the two 
records and dividing by the product of each auto-spec-
tral density function. The following equation can be used 
to derive the coherence function: 
2 ) _ IG9 .(f)l2 
YxyU - GxxCf)Gy,.(f) (l) 
where y;y(f) equals the coherence function of the two 
series x(t) and y(t); Gxy(f) equals the cross-spectral 
density function; and GuCf) and Gn.(f) equal the 
auto-spectral density functions. 
Using finite length data the coherence is estimated by 
substituting in equation (l) the cross-spectral density 
and auto-spectral densities by their estimates. This func-
tion provides a normalized value between 0 and I at each 
discrete frequency. A coherence value of I indicates that 
the two records are linearly related at the frequency of 
interest, while a coherence value of 0 indicates that the 
two records are unrelated at this frequency. Eadie, Pugh 
and Winn (1995) provide a useful discussion of the 
interpretation of coherence functions derived from 
ocular signals. 
It can be beneficial to divide the records into a number 
of segments for averaging, and to apply a smoothing 
function (both in the frequency domain). This improves 
the statistical reliability of the coherence function. If 
these processes are required, the estimated cross-spectral 
density function and the estimated auto-spectral density 
functions should be calculated for each segment, aver-
aged, then smoothed before the coherence function is 
calculated. We divided our 40 sec records into two equal 
20 sec segments and used a five-point triangular smooth-
ing function as described above. 
The 95% confidence intervals (bounds) for coherence 
values can be estimated using the following equation 
from Bendat and Piersol (1986) 
[ ·2 l ,/2(1 - y;,) (2) c y 9 . "" r::: 
. IYxy/y lld 
where c[y;y] equals the normalized random error for the 
coherence value and nd equals the number of segments 
multiplied by the number of smoothing points. There-
fore the confidence intervals were calculated by substi-
tuting y;,. in equation (2) by its estimate y;Y and adding 
and subtracting the normalized random error from the 
estimated coherence value. 
To determine which frequencies to consider in the 
coherence function of two power spectra, we identified 
the frequency of interest in the signal considered to be 
the source of the rhythm. For example, in the pulse 
power spectrum the frequency bin corresponding to the 
peak of the high frequency component (pulse rate) was 
determined. The coherence function of pulse and accom-
modation was then examined at this specific frequency 
bin to derive the coherence value. For the coherence 
functions including respiration rate (accommodation-
respiration rate and instantaneous pulse rate-
respiration) the respiration power spectrum was exam-
ined to determine the frequency of interest (respiration 
rate). The ncspiration frequency in the instantaneous. 
pulse rate was used as the frequency of interest in 
the coherence function between accommodation and 
instantaneous pulse rate. 
The effects of regulated breathing patterns 
To investigate the associations between the cardiopul-
monary system and accommodation microfluctuations 
we simultaneously recorded accommodation, pulse and 
respiration for 40 sec while five subjects were instructed 
to: "breathe normally" for 40 sec and then "breathe 
rapidly" for 40 sec. The subjects remained in the bite bar 
for about 60 sec between each of the recordings. 
The power spectra for the normal breathing con-
ditions showed good correspondence between pulse rate 
and the high frequency peak of the accommodation 
power spectra and this was the case for all five subjects' 
data (Table I). Coherence values for these high 
frequency peaks were all ~0.84, indicating a strong 
association between accommodation and pulse. 
There was also substantial coherence between a low 
frequency peak at the respiration frequency for the 
respiration, instantaneous pulse rate and accommo-
dation power spectra (Table 1 ). This coherence was 
apparent in four of the five subject's data with the 
exception of subject GA, for whom the accommodation 
power spectrum showed no obvious power at the respir-
ation frequency. To illustrate the general form of the 
averaged and smoothed power spectra, the results for 
one of the subjects (subject CB) are presenteci" in Fig. 4. 
Rapid breathing produced an apparent "shift" in a 
low frequency accommodation peak which closely paral-
leled the shift in a corresponding peak of the respiration 
and instantaneous pulse rate power spectra. This 
effect is illustrated by the coherence functions between 
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TABLE I. Coherence values and corresponding 95% confidence intervals for accommodation, pulse, respiration and instantaneous pulse rate 
time series 
Aecom-Pulse Aecom-Resp Aecom-IPR Resp-IPR 
Pulse Resp 
Subject (Hz) (Hz) fl· Confidence int. y' Confidence int. i' Confidence int. y' Confidence int. 
Normal breathing 
CB 1.20 0.35 0.96 (0.94 < r' < 0.98) 0.58 (0.33 < y' < 0.83) 0.64 (0.44 < y' < 0.84) 0.97 (0.96 < ;- 2 < 0.98) 
MS 1.65 0.45 0.93 (0.90 < 72 < 0.96) {0.64} (0.44 < 72 < 0.84) (0.57} (0.32 < y' < 0.83) 0.95 (0.93 < r' < 0.97) 
JW 1.50 0.35 0.84 (0. 76 < r' < 0.92) 0.97 (0.96 < y' < 0.98) {0.95} (0.93 < y 2 < 0.97) (0.90} (0.95 < y 2 < 0.95) 
GA 1.40 0.35 0.99 (0.99 < r' < 0.99) {0.44} (0.06 < y' < 0.82) 
TD l.45 0.45 0.94 (0.91 < y2 < 0.97) 0.57 (0.32 < y' < 0.83) 0.79 (0.68 < y' < 0.90) 0.76 (0.64 < ;·' < 0.88) 
Rapid breathing 
CB 1.25 0.95 0.97 (0.96 < y' < 0.98) 0.85 (0.78 < y2 < 0.92) 0.88 (0.82 < y 2 < 0.94) 0.77 (0.65 < r' < 0.89) 
MS I.95 0.65 0.90 (0.85 < y2 < 0.95) 0.67 (0.49 < y' < 0.85) 0.51 (0.20 < y' < 0.82) 0.46 (0.10 < y 2 < 0.82) 
JW 1.65 0.75 0.87 (0.81 < y2 < 0.93) 0.82 (0.73 <Y'<0.91) 0.55 (0.28 < y' < 0.82) 0.69 (0.52 < y' < 0.86) 
GA 1.30 0.60 0.99 (0.99 < y2 < 0.99) 0.82 (0.73 < y' < 0.91) 0.69 (0.52 < y' < 0.86) 0.85 (0.78 < y 2 < 0.92) 
TD 1.65 l.55 0.85 (0.78 < y' < 0.92) 0.67 (0.49 < y' < 0.85) 
j2 denotes the estimated coherence value and y2 denotes the true coherence value. Coherence values can range from 0 (unrelated signals) to 
l (linearly related signals) and were derived for the frequency of interest. 
*The 95% confidence intervals for coherence values were calculated as per Bendat and Piersol (1986). Missing data is explained in the text. 
Aecom, accommodation; Resp, respiration; IPR, instantaneous pulse rate. The coherence value is recorded in brackets where examination 
of the relevant region of the power specta (accommodation or IPR) revealed no obvious peak, but the power was well above background. 
accommodation-respiration, accommodation-instant-
aneous pulse rate and respiration-instantaneous pulse 
rate (Table l ). The relevant power spectra for subject CB 
in the "rapid breathing" condition are illustrated in 
Fig. 5 and the corresponding coherence functions for 
accommodation-instantaneous pulse rate and accom-
modation-pulse are illustrated in Fig. 6. Data for subject 
TD were excluded because the "rapid breathing" fre-
quency (1.55 Hz) was relatively close to the pulse rate 
(1.65 Hz) (Table !). 
Extended accommodation recordings 
A consistent feature of power spectrum analyses of 
steady-state accommodation microfluctuations are the 
low frequency cycles in the range below 0.1 Hz. Given 
the relatively long time involved in on\! full period of 
these microfluctuation cycles, we extended our sampling 
time to record the accommodation, pulse and respiration 
signals from one subject over a period of 180 sec and 
then broke this signal into 4 x 45 sec signals. Because of 
the extended sampling time (45 sec), the resolution of the 
power spectra was improved to 0.022 Hz, to provide 
better discrimination of the low frequency components. 
The subject JW, had both pupils dilated with 2.5% 
phenylephrine and was instructed to breathe normally in 
rhythm with a timer giving an audible tone every 2 sec 
(an inspiration and expiration every 4 sec, 0.25 Hz res-
piration rate). The sampling rate for the accommo-
dation, pulse and respiration signals was 22.8 Hz. The 
test was repeated under identical conditions, after a few 
minutes break and following recalibration of the Autoref 
R-1. The two 180 sec sets of signals were broken into 
eight parts and the power spectra averaged. One of the 
180 sec steady-state accommodation responses of this 
subject is presented in Fig. 7 and the averaged power 
spectra for the 8 x 45 sec signals (derived from 
2 x 180 sec signals) of accommodation and instan-
taneous pulse rate are presented in Fig. 8. 
ACCOMMODATION Normal Breathing 
INSTANTANEOUS PULSE RATE 
RESPIRATION 
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FIGURE 4. Power spectra derived from the average of 2 x 20 sec 
records from subject CB under the "normal breathing" condition. The 
relevant peaks of the pulse and respiration power spectra are traced 
through the instantaneous pulse rate and accommodation power 
spectra as dashed lines. 
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The respiration-related peak appeared at 0.245 Hz in 
both the accommodation and instantaneous pulse rate 
power spectra, very close to the expected frequency of 
0.25 Hz (i.e. a 4 sec breathing period). The coherence 
value at 0.245 Hz for the instantaneous pulse rate and 
accommodation records was 0.65 (0.55 ,s; y2 ,s; 0.75, 
nd = 40 derived from eight data segments and five-point 
smoothing). For frequencies below 0.25 Hz, there were 
elements of both power spectra which showed similarity. 
However, it is difficult to draw inferences from these data 
without higher resolution in the accommodation power 
spectrum. 
DISCUSSION 
High frequency components 
There was a high coherence between the high fre-
quency accommodation microfluctuations and pulse rate 
amongst our subjects' data, in agreement with the 
previous studies of Winn et al. (l 990a) and Owens, 
Winn, Gilmartin and Pugh (1991). These authors have 
suggested three possible mechanisms through which the 
ocular pulse could be associated with high frequency 
accommodation microfluctuations: pulsatile blood flow 
in the ciliary body affecting ciliary ring diameter, the 
intraocular pressure pulse directly displacing the crys-
talline lens, or reduced resistance to lens elasticity with 
each cyclic reduction in intraocular pressure. 
The rhythmic variation in intraocular pressure ranges 
from about 1 to 3 mm Hg and is directly associated with 
vascular pulse (Suzuki, 1962; Buchanan & Williams, 
1985; James, Trew, Clark & Smith, 1991). Fluctuations 
Respiration component 
There appears to be an association between one of the 
low frequency accommodation microfluctuations and 
respiration cycle, which has not previously been re-
ported. One possible mechanism through which respir-
ation could influence accommodation microfluctuations 
is through respiration's modulation of instantaneous 
pulse rate or intraocular pulse. This modulation causes 
heart rate to slightly increase during inspiration and 
reduce during expiration and is termed respiratory sinus 
arrhythmia (Angelone & Coulter, 1964; Bernston et al., 
1993). This arrhythmia is mediated through efferent 
parasympathetic control via the vagus nerve, but other 
central and peripheral factors also have complex inputs 
(Elghozi, Laude & Girard, 1991; Bernston et al., 1993). 
The sinus arrhythmia cycle is associated with both 
temporal modulation of pulse rate and amplitude 
ACCOMMODATION Rapid Breathing 
PULSE 
in accommodation could arise from a pressure wave w 
travelling through the eye, as blood enters the eye with g 
each heart beat. In this case, the fluctuation in accommo- ~ 
dation could result from a small anterior movement of ~ 
INSTANTANEOUS PULSE RATE 
the crystalline lens associated with each pµlse. However 
to induce a 0.25 D fluctuation in accommodation 
(through lens movement alone), would require the crys-
talline lens to move forward (towards the cornea) by 
about 200 µm with each intraocular pulse beat (derived 
by a paraxial ray trace through an Emsley schematic 
eye). 
Changes in total axial length associated with ocular 
pulse could theoretically result in small fluctuations in 
refractive error ("accommodation"). However studies of 
retinal movement (Fercher, Hu, Steeger & Briers, 1982) 
have demonstrated pulse related changes which appear 
too small to account for accommodation micro-
fluctuations. Winn et al. (l 990a) have also shown that 
when the steady-state accommodation microfluctuations 
were measured from an aphakic eye and phakic eye of 
the same subject, the high frequency microfluctuation 
was absent in the aphakic eye but present in the 
phakic eye, suggesting that the crystalline lens is likely to 
be the primary origin for these microfluctuations. How-
ever the mechanism which relates pulse rate with high 
frequency accommodation microfluctuations is as yet 
unknown. 
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FIGURE 5. Power spectra derived from the average of 2 x 20 sec 
records from subject CB under the "rapid breathing" condition. The 
relevant peaks of the pulse and respiration power spectra are traced 
through the instantaneous pulse rate and accommodation power 
spectra as dashed lines. 
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FIGURE 6. Coherence functions derived from the average of 2 x 20 sec record~ from subject CB under the "rapid breathing" 
condition {see Fig. 5). The relevant frequencies of interest in the pulse and respiration power spectra are traced through the 
coherence functions as vertical dashed lines. The 95% confidence intervals are plotted as lighter dashed lines around the 
coherence function. 
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modulation of blood pressure (systolic and diastolic 
pressure drop during inspiration and rise during expira-
tion) (Novak, Novak, Champlain, Le Blanc, Martin & 
Nadeau, 1993). Sinus arrhythmia could therefore influ-
ence intraocular pulse rate and amplitude and appear 
at the corresponding frequency in accommodation 
microfluctuations. 
of the autonomic nervous system on the ciliary body. 
Ohtsuka, Asakura, Kawasaki and Sawa (1988) have 
reported a significant correlation between respiration 
cycle and pupil fluctuations and given the common 
neural innervation of the pupil and ciliary body muscles, 
the sinus arrhythmia cycle could simultaneously influ-
ence muscle balance in both the pupil and ciliary body. 
Through this potential mechanism,. rhythmic changes in 
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FIGURE 7. A 180 sec steady-state accommodation record from subject JW. The subject was breathing regularly on a timer 
set to a 4 sec period (0.25 Hz). Positions in the record where 14 blink artefacts were removed by an interpolation technique 
arc indicated by a vertical dashed line. 
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The respiration frequency is evident in both the instantaneous pulse rate and accommodation power spectra close lo the 
expected frequency (at 0.245 Hz). -
parasympathetic/sympathetic balance in the ciliary 
body muscles could result in rhythmic fluctuations in 
accommodation. 
When the subjects increased their respiration rate, 
the associated accommodation microfluctuation peak 
appeared to shift concurrently with respiration rate and 
was relatively diminished in amplitude compared with the 
amplitude of the high frequency peak. Similarly, the 
magnitude of the sinus arrhythmia peak in the instan-
taneous pulse rate power spectrum was diminished in 
the rapid breathing condition compared with the 
normal breathing condition. This is consistent with 
findings of an inverse relationship between respiratory 
sinus arrhythmia amplitude and respiratory frequency 
(Hirsch & Bishop, 1981; Raschke Hildebrandt. 1982; 
Novak et al., 1993). 
Low frequency components 
The low frequency peaks (typically occurring at 
frequencies <0.25 Hz) of the accommodation power 
spectra were consistent with other studies of steady-state 
accommodation (e.g. Campbell. Robson & Westheimer, 
1959; Winn et al., l 990a; Owens et al., 1991 ). A number 
of the power spectrum analyses in this study revealed 
apparent correspondence between low frequency peaks 
in the accommodation power spectrum and correspond-
ing peaks in the instantaneous pulse rate power spec-
trum. Aside from sinus arrhythmia, there are other 
autonomic nervous system rhythms which modulate the 
instantaneous pulse rate and blood pressure: the Mayer 
wave (blood pressure rhythm) and the Traube Hering 
wave (minute rhythm) (Raschke & Hildebrandt,1982). 
The Mayer wave has a cycle time of between 6 and 20 sec 
(0.05-0.17 Hz) and the Traube Hering wave has a cycle 
time of between 20 and 100 sec (0.01-0.05 Hz). The 
Traube Hering wave has been shown to be present in 
continuous recordings of intraocular pressure (Bain & 
Maurice, 1959). As with sinus arrhythmia, the effect 
of these slow rhythms on accommodation micro-
fluctuations could arise through the modulation of the 
intraocular pulse frequency or amplitude or through the 
direct influence of the autonomic nervous system on 
the ciliary muscle. 
Role of microjiuctuations 
While the cardiopulmonary system appears to control 
some components of steady-state accommodation 
microfluctuations, these periodic changes in accommo-
dation level may still be utilised by the accommodation 
system in optimizing steady-state accommodation re-
sponse even though they are not under the active control 
of the visual system. Steady-state accommodation 
microfluctuations have been shown to have sufficient 
magnitude to be detected as suprathreshold blur by the 
visual system (Kotulak & Schor, 1986a; Walsh & Char-
man, 1988; Winn, Charman, Pugh, Heron.& Eadie, 
1989b) and possible roles have been suggested in the 
maintenance of steady-state accommodation and in the 
control of changes of accommodation (Alpern, 1958; 
Kotulak & Schor, 1986b; Charman & Heron, 1988; 
Walsh & Charman, 1989; Gray, Winn & Gilmartin, 
1993a,b). 
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It has been reported in various studies that low 
frequency components of accommodation micro-
fluctuations are influenced by stimulus conditions (e.g. 
Westheimer, 1957; Campbell et al., 1959; Charman 
& Heron, 1988; Gray el al., l 993a,b). The use of 
longer accommodation records (by deleting blink 
artefacts) would allow better resolution of the low 
frequency components of the microfluctuations and by 
simultaneously measuring the instantaneous pulse rate 
it should also be possible to study the relative contri-
bution of the autonomic nervous system to these slow 
rhythms. 
CONCLUSIONS 
In the steady-state accommodation records we 
acquired, there were two regions of the power spectra 
which demonstrated an apparent association between 
rhythms in the cardiopulmonary system and rhythms 
in the steady-state accommodation response. These 
regions included a low frequency peak corresponding 
to the respiration/sinus arrhythmia cycle and a high 
frequency peak corresponding to the vascular pulse 
cycle. 
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Abstract 
Background. The conventional vertometer is difficult to use for accurate measurement 
of contact lenses whose back vertex power varies across the optic zone. Back vertex 
powers of multifocal rigid and soft contact lenses have previously been measured 
using a conventional vertometer incorporating the Scheiner principle which makes use 
of two light paths equidistant from the centre of the lens1•2 Methods. We have 
developed a computer-based vertometer system based on the Scheiner principle which 
can be used to produce a profile of back vertex powers across rigid and soft contact 
lenses. A computer interface to the vertometer allows rapid acquisition of readings and 
software-based ray tracing derives in-air dioptric power readings across the optic zone 
at specific ray heights. Results. Results are presented for soft and rigid, spherical and 
aspheric surface contact lenses. Conclusions. The technique shows an acceptable level 
of precision and accuracy for most applications. 
Keywords 
Scheiner, vertometer, computer, contact lens, optics 
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Introduction 
In recent years, many aspheric contact lens designs have been developed. These lenses 
are mostly bifocal contact lenses, designed to induce spherical aberration across the 
optic zone of the lens. The power change can be in the form of either positive spherical 
aberration (ie. more plus power in the periphery) or negative spherical aberration (ie. 
more minus power in the periphery) and is typically produced by either an aspheric 
front or back surface across the lens' optic zone. 
While some bifocal contact lens designs utilise aspheric surf aces to induce spherical 
aberration, most contact lenses (rigid and soft) with conventional spherical surfaces 
also have significant levels of spherical aberration because of their highly curved 
surfaces. In the case of spherical surface contact lenses, the magnitude of this spherical 
aberration depends on factors such as surface radii of curvature, refractive index and 
lens thickness. 3 
The vertometer is the traditional clinical and laboratory instrument used in the 
measurement of contact lens back vertex power. One method of measuring lens 
power away from the centre of the lens is to make use of the Scheiner principle. In the 
Scheiner method, two pencils of light pass through regions equidistant from the centre 
of the lens (at given ray heights) and on a chord passing through the optical centre of 
the lens. When these pencils of light are brought to a common focus, a measurement 
of lens power is achieved. 
The use of the Scheiner method to measure contact lens power with a vertometer was 
first reported by Buckingham and Lowther. 1 The technique of Buckingham and 
Lowther and Meier and Lowther4 made use of an opaque PMMA lens mount whose 
convex surface curvature matched the sample lenses' back surface curvature. 
3 
By placing two small pinholes equidistant from, and on a line perpendicular to the 
optic axis in a system containing a distant target and a lens, the lens will produce a 
single image only at the sagittal focus of the lens. When the vertometer power does 
not correspond with the sagittal focus, the image of the target will double and blur 
(Fig. 1). 
A problem arises with the Scheiner measurement of central back vertex power. In 
practical terms, Scheiner pinholes are not effective when their diameter is less than 
0.75 to 1 mm because of the limitations on target resolution imposed by diffraction 
effects. For central measurements it is generally more accurate to detect minimum blur 
using a small diameter, single central aperture.2 The diameter of the central aperture 
determines the size of the central area of the lens being measured; essentially the 
region of the lens over which the power is being averaged. In the case of aspheric 
bifocal lens designs, with rapidly changing power across the lens optic zone, the 
smaller the aperture through which the power is measured, the closer the reading 
approximates the lens' back vertex power (ie. less power change within the 
measurement zone). This need for the smallest possible central measurement aperture 
is confounded by the expanded depth-of-focus resulting from the use of small 
apertures. 
We have attempted to build upon previous Scheiner vertometer designs to provide us 
with a relatively quick and reliable method of measuring the spherical aberration 
present in both rigid and soft contact lenses. Our aim has been to develop a system for 
rapid and simple verification of power variations across the optic zone of both rigid 
and soft lenses and to improve the precision and accuracy of the measurements by 
automating aspects of the measurement and calculation procedures. 
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When the vertometer focus is correctly set, the vertometer screen displays a single, 
clear image of the vertometer mires. Incorrect focus causes the mire image to double 
and blur. 
Methods 
Lens measurement 
The measurement system comprises a standard projection vertometer, wet cell, 
Scheiner discs, shaft encoder, computer interface and analysis software. The lens to be 
measured is placed in a wet cell which is designed to fit onto the mount of a projection 
vertometer (Fig. 2). Scheiner discs were fabricated with apertures of 1 mm diameter, 
at separations (centre to centre) from 2 to 8 mm in increments of 1 mm. Discs with 
single central apertures of 1.0, 1.5 and 2.0 mm are also used for central power 
measurements. All discs fit precisely into the lid of the wet cell, so that the pinholes 
are repeatably equidistant from the centre of the lens. By positioning the Scheiner 
pinholes after the contact lens in the vertometer beam path, the ray height at the front 
surface of the lens is accurately defined. 
All contact lenses (rigid or soft) are placed concave down and centred on the bottom 
glass plate of the wet cell. Soft lenses are immersed in saline to reduce lens flexure and 
dehydration effects, thereby improving surface optics. The cell is used dry (ie. in-air) 
for measuring rigid lenses. By observing the edge of the lens relative to the edge of the 
base of the wet cell from directly above or below, any decentration is easy to detect. To 
further ensure the accuracy of centration of the contact lens and Scheiner pinholes, we 
begin the measurements with a single central aperture (1.5 mm). If the optical centre 
of the lens is not coincident with the single central aperture, then the vertometer target 
appears displaced on the vertometer screen (ie. a prismatic effect). Since the Scheiner 
discs are designed to fit into the same space in the lid of the wet cell, a high level of 
accuracy in their position relative to the centre of the lens is achieved. 
5 
I SPACE FOR SCHEINER DISCS 
I 
CONTACT LENS 
CYLINDRICAL MOUNT TO RAISE 
BOTTOM OF GLASS PLATE TO 
HEIGHT OF TOP OF STOPS SUPPL! 
WITH VERTOMETER 
I 
VERTOMETER MOUNT 
Figure 2 
POCKET FOR AIR BUBBLES 
LENS/SALINE CHAMBER 
SLOPING SIDES FOR LENS CENTRATION 
TOP VIEW OF LID AND A SCHEINER DISC 
The design of the wet cell used with the vertometer. 
Ray trace 
The scale on a vertometer is calibrated to give the back vertex power of a lens in-air, 
resting on the stop provided with the instrument. Due to the addition of the wet cell to 
the vertometer' s optical path, the calibrated scale on the vertometer is no longer valid 
and simple ray tracing calculations are necessary to acquire the actual power of the 
lens. 
Knowledge of the lens back optic zone radius (BOZR), centre thickness and refractive 
index are required. The central back surf ace power of the lens is calculated from the 
lens BOZR and refractive index. Vertometer readings of the lens are then taken with 
the central aperture. The value obtained is the vergence at the bottom of the wet cell's 
glass base plate (Lg), which corresponds to the position of the stop supplied with the 
vertometer. This is the starting point of the ray trace. The angular deviation of a 
paraxial ray is calculated as it passes through the bottom and top surf aces of the glass 
plate, using Snell's law (n sin i = n' sin i'). Since the back surface power of the lens is 
known, we then perform simple vergence calculations to find the vergence below the 
front surface of the lens. Because the vergence after the front (top) surface of the lens 
is known to be zero, the apical radius of the front surface (FOZR) and therefore central 
front surface power can then be calculated. Finally a forward ray trace in-air is 
performed to determine the central back vertex power of the lens. 
The ray trace for the various Scheiner disc separations is similar to the central 
(paraxial) ray trace up to the back surf ace of the lens, but after that it differs. The 
vergence after the front surface of the lens is zero, however the physical position 
(sagittal height) of the front surface of the lens at any ray height is unknown (ie. the 
front surface could be spherical or aspherical). The change in vergence at the front 
surface of the lens could be due to any number of combinations of lens thickness and 
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front surface curvature (Fig. 3). 
We have written algorithms to derive the power profiles of any lens based upon 
known lens parameters including BOZR, apical FOZR, centre thickness and refractive 
index. Theoretical power profiles are calculated for possible front surface asphericities 
(Q values). The result is a range of vergences (Lg, below the bottom glass plate) for 
specific Scheiner disc separations. Given the FOZR and lens centre thickness, there is 
a unique FOZQ (front surface asphericity) that will correspond with the measured Lg 
for each Scheiner separation. The derived front surface Q values can then be used to 
calculate an in-air back vertex power profile for the lens. The accuracy of each FOZQ 
value is limited by the accuracy of the central back vertex power measurement and by 
the separation of the pinholes used, as wider separations give more accurate Q 
estimations. 
The software can be configured to derive back vertex power profiles (in-air powers) 
assuming that either the front or back surface is spherical and that any asphericity is 
confined to the other surface of the lens. It is also possible to derive the power profile 
of a lens which has both front and back aspheric surfaces, if the shape of one of the 
aspheric surfaces is known. The ray trace software which supports the vertometer 
system requires a number of input variables including BOZR, BOZQ and/or FOZQ, 
lens centre thickness, refractive index and front surface sag of the lens. 
Computer-interface 
One limitation of current vertometers, in terms of accuracy of power measurements, is 
the relatively coarse power scale (0.25 D which can be interpolated to a reasonable 
approximation of 0.06 to 0.12 D steps). We improved the vertometer's sensitivity for 
power measurement through the use of a shaft encoder, which attaches directly to the 
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Ray trace problem associated with the calculation of power profile. There is more than 
one combination of lens thickness and instantaneous front surface curvature, which 
can give an exit vergence of zero. Surface 1 is the actual front surface of the lens. 
Surface 2 causes the same vergence change with a lesser thickness and with a flatter 
curvature. Surface 3 causes the same vergence change with a greater thickness and a 
steeper curvature. 
power drum of the vertometer (Fig. 4). The shaft encoder produces a digital output 
which corresponds to the amount of revolution in the power drum. There is a linear 
relationship between the shaft encoder output and the vertometer power reading (in-air 
power). For our system there are approximately 80 digital shaft encoder increments 
for each dioptre of vertometer power. This increased resolution in power readings 
using a shaft encoder becomes particularly important when soft lens powers are being 
measured in a wet-cell. For a lens immersed in saline, the vertometer reading is 
reduced by a factor of approximately 4, from the lens' actual in-air power (the exact 
factor depends on lens power, thickness, refractive index and back surface curvature). 
It follows that errors in measurement are also multiplied by the same factor. The 
improved power resolution obtained with a shaft encoder reduces both of these 
vertometer measurement problems. 
We have developed a direct computer interface to the vertometer which allows the 
shaft encoder's digital data to be acquired by the computer, then converted to an in-air 
power value by performing ray trace calculations in software. The speed of taking each 
reading also makes it feasible to make a large number of repeated readings for any 
given Scheiner disc separation or central aperture diameter. This improves the 
accuracy of the results. 
The shaft encoder is mounted directly onto the focusing mechanism of the vertometer, 
and has a number of pulsed outputs which feed into a quadrature detector. The 
quadrature detector decodes the inputs from the shaft encoder to give two outputs, one 
for direction and one pulsed output to monitor the position or speed of rotation. These 
signals are fed directly into a 4 digit add/subtract binary coded decimal counter to give 
a number which is acquired by the input/output card in the computer and converted to 
a vertometer reading via a calibration equation previously discussed. 
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Block diagram illustrating the interface used to allow the computer to acquire the 
vertometer reading. BCD counter is a binary coded decimal counter. 
To further improve the accuracy of central power readings, particularly in-saline 
readings, we have utilised magnification of the vertometer target. We found that the 
simplest method of achieving the desired magnification of the vertometer target was to 
use an 8x stand magnifier attached to the vertometer screen. This improves the ability 
to judge best-focus of the vertometer target, particularly for the central aperture 
readings. 
Each shaft encoder reading is acquired by simply focusing the vertometer target and 
pressing a key of the computer keyboard. The user can take as many readings as 
desired at any given Scheiner disc pinhole separation; the number of readings are 
displayed on the screen. The software automatically displays a running mean power 
and standard deviation of the vertometer readings for the given Scheiner separation. 
After the appropriate lens parameters are entered, the software can convert the acquired 
readings to in-air lens powers. 
Tests of precision and accuracy 
To investigate the precision of the power measurements we conducted a series of 
twenty repeated readings for each of the three central single apertures (1.0, 1.5 and 2.0 
mm) and the eight Scheiner discs (separations of 1 to 8 mm in 1 mm increments). 
The repeated readings were taken with no lens or saline in the cell. Further readings 
were taken through the central aperture with rigid lenses both dry and in-saline in the 
wet cell, along with soft lenses in-saline in the wet cell. To illustrate the results of the 
Scheiner vertometer system we have analysed some soft and rigid lenses which have a 
wide variety of expected power profiles across the optic zone. 
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An alternative to optical measurement of the contact lens power profile is to physically 
measure the lens surfaces and then use these surface profiles in ray tracing 
calculations. We have made such measurements with the Rank Taylor-Hobson Form 
Talysurf-50 with three rigid lenses and compared the results with those of the 
vertometer. 
With the Talysurf-50 the lens surface is traversed by a stylus which has a tip diameter 
of 2 µm, attached to a pickup with an output resolution of 16 nm of sagittal height. The 
data is fitted with an elliptical curve to determine the apical radius (r0 ) and asphericity 
(Q) of the surface. These values, determined for both surfaces of the lens, are used in a 
simple ray tracing procedure to calculate the local sagittal power of the lens at any ray 
height. This ray tracing procedure requires known values for the lens centre thickness 
and refractive index. 
Results and Discussion 
Precision of readings 
The results of the repeated central and Scheiner disc power measurements (no lens in 
the system) were plotted as the mean ±SD of the twenty readings (Fig. 5) and show 
the expected increase in standard deviation associated with increased depth-of-focus 
for smaller central apertures and improved standard deviations for greater Scheiner 
pinhole separations. For power measurements with Scheiner separations greater than 3 
mm, the standard deviations were 0.03 D to 0.07 D. For more central measurements 
with either a single aperture or Scheiner discs, the reliability of the results diminishes 
substantially. These results with 1 mm pinholes were consistent with those previously 
reported by Plakitsi and Charman2 for 0.75 mm pinholes. 
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Figure 5 
The mean of 20 readings of the power of an empty wet cell (no lens or saline) 
measured using a 1 mm, 1.5 mm and 2 mm central aperture (A), and using Scheiner 
apertures with separations ranging from 1mmto8 mm (B). The error bars show ±1 
standard deviation. 
The standard deviations of power readings for lenses in-saline were about four times 
higher than those in-air, due to the saline to air power conversion. We also noted that 
results for rigid lenses in-saline were similar to those of the soft lenses in-saline, 
suggesting that warpage of soft lenses in the wet cell did not significantly affect the 
results. 
Accuracy of measurements 
There was good agreement between the power profiles of the three rigid lenses 
calculated from the Talysurf measurements and those measured with the vertometer 
system (Fig. 6). The discrepancies in readings between techniques were typically less 
than 0.25 D and they were of similar magnitude for central and more peripheral 
readings. 
Single-vision lenses 
Measurements taken from rigid and soft spheres randomly sampled from trial fitting 
sets are presented in Figures 7 and 8 respectively. These figures also show a predicted 
power profile for the measured lens based upon the lens' refractive index, labelled back 
vertex power and the presumption of spherical front and back optic zone surf aces. Of 
the three rigid spheres which were measured, lens B is the only one which shows 
reasonable conformity to the expected power profile (Fig. 7). The errors in power 
profiles evident in both the lenses A and C are indicative that the lens surfaces are not 
spherical (Fig. 7). This error in manufacture could arise in the lathing or polishing 
process. Both the moulded and lathed soft lenses show reasonable conformity with the 
expected power profiles, with the exception of lens A whose labelled back vertex 
power was in error by about 1 D (Fig. 8). 
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Bifocal lenses 
The results for four common types of bifocal contact lenses (randomly sampled from 
trial fitting sets) are presented in Fig. 9. For the three types of spherical aberration 
controlled bifocals we measured there is no accurate published data regarding the 
expected levels of spherical aberration (as a function of ray height) with which to 
compare these measured values. Both the PAl and Hydrocurve II bifocal designs are 
based on the presence of positive spherical aberration within the optic zone of the lens 
(ie. the centre of the optic zone is corrected for distance vision). The Unilens bifocal 
makes use of negative spherical aberration within the optic zone (ie. the centre of the 
optic zone is corrected for near vision). The Spectrum concentric bifocal has two optic 
zones, the central zone is corrected for near vision and the surrounding annular zone is 
corrected for distance vision. 
The power profiles illustrated a regular power shift (about +3.00 D addition in-air for a 
6 mm aperture) for both the plus and minus (central power) PAI lenses. One 
Hydrocurve II bifocal showed an irregular power profile ( +4.00 D central BVP) while 
the lens with a -2.75 D central BVP showed a+ 1.75 D addition in-air for a 6 mm 
aperture. The two Unilens bifocals showed a significant difference in power profile. 
The lens with a-4.00 D BVP at a 6 mm separation had a +3.00 D addition in-air for a 
6 mm aperture, whereas the lens with a +3.00 D BVP at a 6 mm separation had 
virtually no change in power across the 6 mm measurement zone. The Spectrum 
concentric bifocals showed close to the expected power difference (addition) between 
the central (near) and surround (distance) zones of the lenses. However the power 
profiles highlight the significant blending of power between zones. 
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Power profiles of bifocal hydrogel lenses measured with the Scheiner vertometer 
system. 
Conclusions 
We have developed a computer-based vertometer system based on the Scheiner 
principle which can be used to measure a profile of back vertex powers across the 
optic zone of both rigid and soft contact lenses. A computer interface to the vertometer 
allows rapid acquisition of readings and software-based data analysis converts the 
vertometer output to in-air dioptric power readings at specific ray heights. The 
technique shows an acceptable level of precision and accuracy for most applications. 
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Appendix 2 
APPENDIX 2 
INDIVIDUAL SUBJECT RESULTS FOR CHAPTER 3 
Experiment 3.1 
"The effect of accommodation on monochromatic 
aberrations in fellow eyes" 
Aberroscope results are presented for subjects: 
1. CA 
2. SA 
3. RB 
4. RC 
5. MJ 
6. LM 
7. MP 
8. DS 
9. JT 
10. ST 
11. DV 
The plotted wavefronts relate to a 5 mm pupil for all subjects. 
A2.1 
SUBJECT CA 
4 4. 4 2.33 ·0.15920 0.06537 0.25568 0.06228 
CA Left 4. 4 2.97 ·0.21730 0.01499 0.12241 
I • 0.5. 65 
5. 5 3.47 
4. 4 2.97 
4. 4 2.33 
·0.09250 0.09617 ·0.04090 0.00227 0.03610 
0.04000 ·0.01387 0.17963 ·0.03163 0.00783 0.00570 0.04503 
0.18053 ·0.02907 0.06377 ·0.05960 0.01690 ·0.02707 0.03377 
·0.23283 ·0.40757 ·0.07497 ·0.02653 0.12573 0.03483 ·0.09863 ·0.02743 
CA Left ·0.07990 ·0.07633 ·0.04147 0.30403 ·0.03620 0.03580 ·0.05560 .05577 ·0.00720 
·0.05817 ·0.12010 ·0.03360 0.13467 ·0.03583 I 0.02433 ·0.03560 ,03727 ·0.04073 
·0.13357 ·0.06330 0.26247 ·0.03543 ' ·0.03570 ·0.06737 ·0.04887 
0.13067 0.29460 0.15680 ·0.15170 ·0.05960 
0.03907 0.07567 
0.08236 0.00445 ·0.00746 -0.01822 i 0.01518 ·0.02587 ·0.00734 ·0.00481 
0.09161 0.02584 0.05972 0.01688 ·0.03452 0.00000 ·0.03582 
0.13568 ·0.11543 0.33947 ·0.07794 0.01056 0.01709 0.02427 ·0.04755 
CA Left ·0.03515 0.08539 ·0.01443 ·0.06663 ·O ·0.02959 ·0.02602 
·0.02601 0.00546 ·0.00921 ·0.06187 ·0.00968 ·0.02185 
0.00522 0.04834 0.03686 ·0.08290 ·0.04349 ·0.03007 ·0.02576 
' 0.23966 0.10779 0.09236 0.02939 ·0.06085 ·0.02427 ·0.05115 0.00552 ·0.06615 
·0.06012 0.08777 ·0.12795 0.03231 
A2.2 
Right Eye Left Eye 
OD 
10 
3.5 
20 
30 
40 
50 
SUBJECT: CA 
A2.3 
SUBJECT SA 
4. 4 3.23 0.04640 0.00818 
4. 4 3.17 -0.49780 0.01096 0.10470 
3 4•4 2.23 -1.05510 0.09570 0.30936 0.07606 0.01965 
SA Left 0.25 I 6. 6 3.23 -0.20000 0.00999 0.09996 0.00816 0.00183 
- 0.25 • 45 
5. 5 2.83 0.14143 0.01812 0.00188 
5. 5 2.37 4 0.23915 
0.06427 0.10093 
2 -0.1246 0.1502 0.0486 -0.0278 -0.0323 -0.04823 
-0.04287 0.5762 -0.2145 -o 0.0233 
SA Left 0.00193 -0.1396 -0.1023 0,0387 0.10733 -0.01703 
-0.0528 -0.15467 -0.24737 -0.06137 I 0.04443 0.03093 0.01387 
0.02047 -0.03673 -0.25603 -0.10793 0.0229 953 0.01033 
-0.02955 0,08861 -0.08000 
2 -0.04065 0.04589 -0.06495 -0.02821 -0.06592 -0.00409 
0.22394 -0.09652 -0.06416 0.01074 -0.12819 0.04358 I -0.05976 -0.02030 
SA Left 0.04127 -0.03764 0.11105 0.01351 -0.01884 0.01507 -0.06524 0.02360 
0.06919 -0.11256 0.14654 0.01112 -0.04176 0.02568 -0.06830 0.01875 
2 0.22370 -0.08834 0.24207 0.03967 -0.04000 0.01404 -0.06582 0.00886 
-0.23638 0.03795 -0.22718 0.04901 -0.04051 0.02285 -0.10814 0,03050 0.00362 
A2A 
40 
50 
SUBJECT: SA 
A2.5 
SUBJECT RB 
5. 5 2.7 0.80440 0.02692 0. 16407 0.02264 I 0.00428 
I 
4. 4 2.47 0.61170 o.o4sss I 0.21343 0.04245 D.00310 
5. 5 3.23 0,37010 0.00823 0.09059 I 0.00132 0.00091 
4. 4 3.03 0.16000 0.01584 o. 12585 I o.o 1018 0.00506 
4. 4 2.93 0.20790 0.01740 0.13190 0.01394 0.00346 
4. 4 2.63 0.20120 0.03004 I O. 17332 0.02781 0.00223 
Left 0.5 4. 4 2.4 -0.24240 0.05399 i o.23236 I o.04945 0.00454 
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1---t----+-- -t--------1----+-------+---'------+-i------t-------
·' 
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I i 
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0.04897 
4~4 3 4 1.16830 0.01807 0.13441 0.00972 0.00835 
4. 4 
4. 4 
4'4 
4. 4 
0.03587 
0.10697 
0.2093 
0.0513 
0.0843 
-0.04937 
-0.29767 
0.11903 
-0.1919 
·0.09113 
2.73 4 0.94690 0.02442 0.15626 0.01861 0.00581 
2.4 0.89240 0.05631 0.23729 I 0.05000 I 0.00631 
2.33 0.81190 0.05902 0.24294 0.05467 
I I 
2.13 o. 11100 0.1 0012 I 0.31736 0.09721 
I 
0.13623 -0.00807 0.0404 0.05317 
0.05213 -0.35587 0.13407 0.0188 0.05743 -0.05273 
0.07377 -0. 1571 0.10197 0.0002 0.03723 0.034 
I I 
-0.15193 -0.16557 0.0617 -0.00343 -0.02053 0.02037 
I 
-0.04221 -o.2s44 o.02ss1 r a. 12sss 0.0467 I -0.1226 
0.07483 0.0052 0.03467 0.0859 -0.02473 -0.14393 
o.a112a -0.07773 o.oaasa I o.oaooa I o.oa111 -0.1044 
0.00435 
0.00351 
: 
-0.053 
0.01753 
0.03703 
0.00477 
-0.09013 
0.03637 
-0.03077 
0.35877 -0.039 -0.0404 1 -o.oss41 1 o.1oa2s 0.01001 I -o. 13577 
-0.08257 -0.23287 o. 1253 -0.0421 -0.04343 0.05113 -0.02467 
-0.06257 -0.21213 0.1947 I -0.01343 -0.0257 I 0.03947 I 0.0573 
I I I 
•. 
I 0.07633 -0.139 -0.08617 -0.33757 0.1578 I -0.0714 -0.02907 I 0.01353 -0.0338 t-~~~4:~~~+-~-4~--!:~o-.2-7_9_4--+~_-o-.o-o-28-3~!---o-.2-8-1_8_~-.4-8-73-3-+--o-.1-4-8-73--t:~_o-.-o2_3_8_7-+~_o-.-o-14-o-7--ii~~-o~.~02~1~3:..._+--_o~.1~2~4~63-t 
I I I 
0.23717 -0.28113 -0.27717 -0.45463 0.1353 i 0.01347 i -0.0244 -0.05703 I -0.04707 
-0.6458 -0.14007 -0.43277 -0.37927 0.12947 i -0.0018 -0.01107 0.01593 0.0127 
I , ....• i 
·. 
i 
0.01042 
.. '. 
-0.08735 0.01445 0.05034 •·.· o.oi~~s' l 0.09904 0.03346 • •••• I o.01s29 
1 ' -0.06675 -0.09334 -0.09280 0.08459 0.05167 o.03311 1 0.12032 0.02435 0.04229 
0.19949 0.01957 0.16260 0.09813 0.04041 I 0.02788 0.06371 0.00937 0.04031 
I 
-0.04342 -0.04285 0.03256 0.03993 0.02354 -0.00907 0.03862 -0.01147 0.02526 
-0.02850 -0.06380 -0.00736 0.06341 0.03399 0.00080 I 0.06597 I 0.04587 ·0.02932 
0.12461 -0.01656 0.08717 -0.01917 0.02547 i -0.00329 0.07995 i -0.02146 -0,01747 
•-----+----+--6 _ ___,_-o_.0_2_4_1. 5 ...... ,_ .. :°.·_14_0_7_7 .-1--·.:.0.'-1'-79~7-"6_1._-o.:.·.c10"'1~9-'-14 ____ 0.o'__, 135~5+----0.0..::.:.33.:.119:..._1-----o.o-'-542=:...9+-o=.0•=85+7+-·---0.0~0114"'--61 
O.OAA07 0.00310 
I 1 
I 0.01185 -0.11811 0.06093 -0.00992 0.04218 -0.02298 0.11329 -o.oosoo 0.07780 
I ·-----!l---+,--4--~ -0.18382 0.21046 0.05985 0.04848 -0.03819 0.11955 ' 0.02412 0.06041 
: I 5 ~---o-.2-7-59-o-t--o.-1-92_8_8--t-_-0-.0-485-91 1t-o-.o-5-05-5--+;-_o-.-02_3_9_9-+-1: -o-. 1_2_2_0_7 __,: __ -o-.o-0_0_44-+-:-0.-0-4-38_1_1 
I I I I 
-o.29627 I -0.19475 -0.07989 -0.00512 I 0.04911 I -0.00237 t o.09114 I -0.00811 0.05001 
A2.6 
Right Eye 
OD 
10 
20 
30 
40 
50 
SUBJECT: RB 
Left Eye To•~•­
~ 
Up Tetnpotal 
Qo...,. N•S&I 
A2.7 
SUBJECT RC 
4. 4 2.77 0.01585 0.01180 
4. 4 2.83 0.01765 0.00260 
4. 4 3.43 0.00473 0.00121 
·0.06933 ·0.30967 0.08523 ·0.11847 
·0.1521 ·0.29853 0.11947 0,08373 
0.0034 ·0.1382 ·0.1141 ·0.07053 
·0.16055 ·0.05794 ·0.10132 
2 -0.04211 ·0.08056 ·0.10183 ·0.12242 ·0.00163 0.01206 ·0.02776 0.01629 0.03707 
Left 0 ·0.01299 ·0.07828 0.04408 -0.04300 ·0.01737 ·0.02685 0.00235 
·0.10491 -0.00474 ·0.02122 ·0.00650 0.02374 ·0.02367 
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Right Eye Left Eye 
OD r 
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SUBJECTMJ 
··~5~~~~~>·f~u~· ·.·.ce~ei•···•• ·~~~t~;~~v···:•~e1r1.~ ..• ~. m.J~1F.· .. ·· 6i!~ 
MJ I Right I 0 0.5 5 • 5 3.93 4 
l:SA ..•. , .. ".~' Ji·.'~,•··· :;:;~::t ·~~~~()~~t 
(Dj < 1 (Ji;.,) • (µmA2 ) · / (JtM~2 • f 
0.01500 I 0.00251 I 0.05013 l 0.00198 1· 0.00054 
5. 5 3.67 0.02230 I 0.00398 I o.06305 0.00320 ! 0.00078 
5. 5 2.93 -0.40550 0.01528 0.12361 i 0.01433 0.00095 
I I 
4. 4 
-0.56820 I o.01783 0.13353 0.01431 I 0.00352 
4. 4 2.37 4 -1.02720 0.05765 0.24010 0.05125 0.00640 
MJ Left i 1 o.75 5. 5 3.33 -0.02080 I 0.00666 I 0.08159 0.00643 0.00023 
I l 1 
5. 5 3.7 -0.1 o98o I 0.00367 0.06061 I 0.00353 0.00014 
2 5. 5 3.07 -0.47230 0.01117 0.10569 I 0.00981 0.00136 
I i 
4. 4 
-0.48630 I o.01436 1 0.11984 I 0.01219 0.00218 
I 4. 4 2.6 -0.88310 0.03336 0.18264 0.02835 i 0.00501 
I 
4. 4 2.43 4 -1.08680 I o.05708 0.23891 I 0.04789 0.00919 
. .. 
-0.01707 -0.05247 -0.0912 0.0509 0.0027 
I I 1 I 
1 1, -0.08297 -0.11297 -0.07447 0,01183 0.0037 I 0.01737 I 0.02097 0.01313 I -0.0379 
2 ·0.20427 ·0.25147 -0.0918 0.01413 -0.06757 0.00037 I 0.00947 I -0.0041 -0.01293 
3 0.0267 -0.22003 -0.21127 -0.03427 .0.09457 I 0.10027 0.02777 -0.00663 I -0.06367 
. 4 -0.63763 ·0.02643 0.01843 ·0.01347 ·0.17117 I -0.04907 0.02933 0.01327 I ·0.04133 
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I -0.02913 
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0.25907 
i ·0.31187 
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A~C;f?,mtn~ 
Level 
(D) 
I 
o I -0.01180 
·0.0737 0.04497 ·0.1395 -0.01833 -0.01003 
I I 
·0.14167 ·0.0945 -o.18923 -0.0787 0.006 I 
·0.1397 -0.05053 -0.07957 ·0.08107 -0.07273 
·0.30577 -0.00877 -0.1592 -0.1472 -0.0342 
-0.18673 0.18357 -0.11937 -0.18113 I o.08767 
"Taylof'; 
l'IJ .. 
-0.00051 I 0.02779 ·0.02604 -0.00260 i -o.013s1 i 
.0.00233 I 0.0138 I -0.01627 
-0.018 I ·0.02 0.01473 
·0.02927 0.01233 0.00583 
-0.0064 0.06403 I ·0.0134 
-0.07733 0.0942 -0.03423 
L.. l 
-0.01154 0.01446 0.00910 
·0.04042 -0.03793 I -0.00318 -0.04384 0.01031 0.00101 -0.02465 I 0.01995 0.00162 
2 -0.08809 -o.08898 I -0.04218 -0.09605 -0.02550 0.00149 I -0.04914 0.00797 -0.02569 
I 
-0.01640 -0.09537 0.08924 -0.07823 -0.01086 -0.00204 ·0,06853 0.02919 I -0.06099 
·0.23681 -0.01497 -0.24603 -0.00824 -0.07563 0.00432 ·0.13338 0.02499 I -0.05111 
0 -0.01366 -0.10255 0.01305 0.00127 0,00714 0.00132 0.00031 ·0.00398 -0.01071 
-0.00553 -0.07995 -0.02801 -0.01020 -0.00850 -0.00523 ·0.01890 0.00290 -0.00350 
0.07626 -0,02946 ·0.02927 -0.00531 -0.05153 -0.01269 I -0.03227 
I I 
0.09083 -0.08222 0.11610 -0.04243 -0.04781 ·0.01317 I ·0.06542 -0.01611 -0.01143 
I I 
-0.11804 ·0.17437 ·0.11366 ·0.09478 -0.05974 I -0.00656 I -0.13440 0.00014 I -0.04254 
·0.15790 -0.11480 -0.24969 -0.05511 -0.04012 I -0.04123 I -0.17118 ·0.03012 I -0.08395 
A2.10 
Right Eye Left Eye 
OD 
10 
20 
30 
40 
50 
SUBJECT: MJ 
A2.ll 
SUBJECTLM 
3 5. 5 4.07 0.08690 0.00200 0.04467 0.00179 0.00021 
4. 4 2.5 ·0.68010 0.04579 0.21399 4227 0.00352 
4. 4 2.57 ·0.76000 0.03837 0.19588 0.03437 0.00400 
LM Left 0.25 5. 5 3.4 0.32100 0.08015 0.00523 0.00120 
4. 4 3.07 0.23940 0.01331 0.11538 0.00915 0.00416 
2 4 • 4 3.4 ·0.12640 0.08359 0.00455 0.00244 
4. 4 2.4 ·0.33390 0.22969 0.05118 0.00158 
4. 4 3.07 ·0.56100 0.11771 0.00747 0.00638 
·0.0704 ·0.18893 
2 ·0.05647 ·0.06307 ·0.0242 
0.04333 0.03637 ·0.10193 0.0145 ·0.0061 ·0.0153 
4 ·0.45207 ·0.0574 ·0.33343 ·0.11817 ·0.11333 ·0.0414 0.0191 
·0.4795 ·0.0413 ·0.16913 ·0.0437 ·0.12667 0.0396 ·0.00557 ·0.0708 ·0.0185 
LM Left ·0.0468 ·0.07277 0.0076 ·0.17833 0.0535 ·0.02307 ·0.02613 
0.09497 0.1129 ·0.20203 0.03987 ·0.0563 ·0.02463 
0.0264 ·0.02217 ·0.1631 ·0.02107 ·0.04823 ·0.0295 
0.0595 ·0.3257 ·0.16297 ·0.05563 -0.074 0.00877 
·0.04173 ·0.0594 ·0.15723 ·0.0935 ·0.0413 
0.3107 
·0.05985 0.03774 0.03464 0.01247 
2 ·0.02576 ·0.03024 0.00578 ·0.01815 ·0.00092 
3 0.00214 ·0.02196 ·0.01605 0.02900 0.00916 
·0.21120 ·0.06586 ·0.04448 ·0.00676 ·0.03603 
·0.20095 ·0.03188 ·0.11638 
LM Left ·0.01660 ·0.09415 ·0.02039 0.03375 
0.03117 ·0.04016 ·0.02528 
0.02840 ·0.05127 0.03947 0.03029 ·0.04138 ·0.03568 0.00229 ·0.02094 0.01955 
·0.23200 ·0.03879 ·0.06915 0.04268 ·0.03832 0.00935 ·0.01398 0.00497 ·0.01266 
·0.06955 ·0.07461 ·0.03984 0.00401 
0.25203 ·0.12629 0.09667 ·0.04462 
A2.12 
Right Eye Left Eye 
OD 
10 
20 
30 
40 
50 
SUBJECT: LM 
A2.13 
SUBJECT MP 
i}~~01·~t(;~~~~;·~~~~l~1"'~.·· .)ev~···.···iL.~~!if~, .•.. _ •. utLS~oe;/~f£~ ~~~>~.·~~( ~:~1~~~f~ ... ···- .. J':.E'i(f:•.•·>: ·•· •··•····}.' f .. :• ., I <ilTfah. .'.• IU..;;% •• 
I I •·. . .. 
0.19840 I 0.00498 T 0.01050 T 0.00414 0.00084 r.f' Right 0 0.5 I 5 • 5 3.5 4 
- 0.25 • 80 ' I 
I 1 5. 5 3.43 4 0.16780 0.00554 0.07442 0.00497 0.00057 
I I 
2 4. 4 2.93 4 -0.20430 0.01664 I 0.12898 I 0.01493 0.00171 
' ' 
! 3 4. 4 3.07 4 -0.19320 I 0.01249 0.11178 0.00900 0.00350 
i I ! 
I 4 4. 4 2.53 4 0.19950 
' 
0.04146 0.20363 0.03318 0.00829 
I I 
5 4. 4 2.63 4 -0.54520 0.03368 I 0.18353 0.02755 I 0.00614 
I 
' 
I I 
"" 
Left 0 0.5 I 5. 5 3.83 4 0.09720 ! 0.00293 0.05413 I 0.00242 I 0.00051 
- 0.25 • 80 i ' 
1 5. 5 3.37 4 -0.25470 0.00601 I 0.07753 0.00551 0.00050 
I I 
I 2 5. 5 3.2 4 -0.23760 I 0.00895 I 0.09458 0.00764 I 0.00131 
I I 
3 5 • 5 2.6 4 -0.41320 0.03183 0.17840 0.03032 0.00151 
I I 
4 5. 5 2.77 4 -0.66250 0.02574 I o.16044 0.02033 0.00541 
'· 
5 4. 4 2.4 4 -0.71050 0.05165 I 0.22727 I 0.04714 0.00451 
. ., '·'""'''''·• 
· ...... ,, '.'.>:.!. / ,'. .: '~,,''','~'{ . .•. fo ·;.1 •• I I ,''.~;JJi ... l~~~~~~--$"~ ·~&' , ;~~~1.i". •• 1c12•·········· ·2;::. ,. .. . .. 0.03307 1 "-0.0098 i I 
"" 
Right 0 0.0241 0.08027 0.03417 -0.15287 -0.03003 0.05517 
I i I i 
1 0.02227 ·0.00637 0.06803 -0.1839 0.02797 -0,01177 -0.04167 I 0.0383 I -0.0233 
I 
2 0.26697 0.08687 -0.0111 -0.15273 -0.03407 i -0.0843 I -0.0351 -0.00213 I 0.05233 
I I I 
3 -0.08157 -0.0495 0.05193 -0.2419 -0.03217 I -0.11073 I -0.11233 I 0.08473 -0.00357 
I I i 
4 0.2204 0.3539 0.12623 -0.26993 0.0332 I -0.2115 -0.06513 I 0.16053 -0.05347 
I I 
5 0.41817 0.18457 -0.02403 -0.0567 .0.09003 I 0.0396 I -0.0306 I 0.14117 -0.14353 
I ' I ! 
"" 
Left 0 -0.0853 -0.0643 -0.07777 -0.03703 0.01623 I 0.0501 0.00123 -0.01097 -0.0392 
! 1 -0.12083 -0.0727 -0.11573 -0.10147 -0.04247 0.00383 0.0266 -0.0036 -0.01177 
I I I 
I 2 I -0.11883 -0.13557 -0.10937 -0.1244 -0.0396 0.01443 I 0.03873 I -0.0882 I -0.00363 
I I I ! 
I 3 -0.44743 -0.01993 ·0.18417 -0.04813 -0.06887 -0.02187 I 0.05957 I -0.0344 -0.00943 
4 ! -0.26407 -0.14223 -0.0851 -0.2376 -0.1104 -0.05523 I 0.0242 ! -0.10967 -0.11783 I 
I ! I 
5 I 0.53527 ·0.23767 ·0.15073 -0.0048 -0.1184 -0.07567 -0.03243 -0.05437 ·0.06503 
~t5f~~- >Ei~~'-
) i : l 
Taylor 
·, .... 
I J. K 
.: 
r.f' \ Right 
1
! 0 I 0.01331 ·0.02723 ·0.00379 0.04920 0.01339 I -0.02587 0.00411 ' -0.00414 ! 0.01830 I
I I 
I 1 0.01686 -0.07135 -0.01716 0.02060 0.00994 -0.02665 0.00661 -0.01501 0.01583 
I i I 
2 0.09872 -0.02470 0.10428 0.05166 -0.03398 -0.00447 -0.02473 -0.03063 0.00817 
I 
I I 3 -0.02408 -0.10928 -0.05006 0.01168 ·0.03447 I -0.05705 -0.05592 i -0.05528 I 0.02091 
I I I ! I 
I 4 0.09843 0.03151 0.03532 0.16647 -0.03038 -0.04595 -0.03526 -0.01921 0.07537 
I 
5 I 0.15380 0.04795 0.16582 0.07630 -0.01535 ·0.05119 -0.12109 0.02059 ·0.03515 
I I I ! 
"" 
Left 0 I ·0.04172 -0.03800 -0.00283 -0.01948 0.01192 I -0.00919 0.01626 ! 0.01041 I -0.00714 
I I 
1 -0.05978 -0.06531 -0.00191 -0.01458 -0.01519 I 0.01037 -0.03050 0.01626 ' -0.01710 
i I I I 
2 -0.05822 -0.09748 -0.00353 ·0.03528 -0.01675 0.01847 I 0.00338 0.02029 -0.02397 
I I I 
3 -0.19081 -0.02553 -0.09871 ·0.00146 -0.03344 0.02743 -0.03875 I 0.03216 I -0.02251 
I 
I 4 ·0.10966 -0.14245 -0.06709 -0.02364 ·0.06207 -0.01736 -0.04169 I 0.04156 -0.03445 
I I I 
I i 5 0.18188 ·0.09093 0.25725 -0.08853 -0.06672 -0.03248 I ·0.06842 I 0.00004 I ·0.02889 
A2.14 
Right Eye Left Eye 
OD 
10 
20 
30 
40 
50 
SUBJECT: MP 
A2.15 
SUBJECT OS 
4. 4 3.4 
4. 4 
3 4. 4 3.13 
4. 4 3.27 
OS Left +1.50 5. 5 3.07 
- 0.25. 17 
I 5. 5 2.8 
2 5. 5 3.4 
4. 4 2.77 
4 4. 4 3.23 
I 
4. 4 3.2 
I 
C9 
'f 0.04703 -0.04830 0.14213 
0.15623 -0.11167 0.07007 
I 0.11553 -0.06013 0.11440 
I 0.03153 0.01100 0.09643 
I 
i 0.01240 0.09737 0.13480 
0.10900 I 0.00620 0.01013 I 0.00565 0.00055 
I I 
0.03500 0.01263 I 0.11240 I 0.01186 0.00078 
0.21320 0.00911 I 0.09853 0.00914 0.00057 
0.16990 0.00743 0.08617 0.00678 0.00065 
0.42590 I 0.01130 I 0.10630 0.01022 I 0.00100 
0.29090 0.01891 0.13750 o.01831 I 0.00060 
0.15020 0.00591 0.07686 ! 0.00569 
-0.00110 I 0.02012 , 0.14103 
-0.35410 0.00949 I 0.09744 
I 
-1.02070 0.01148 0.10712 
L .. > ·.····• J .. 
.. · 612.' 
-0.14227 0.02103 :l 0.05400 I -0.01330 I 
-0.02733 0.03163 0.02561 I -0.00250 
I 
0.01919 
0.00727 
0.00448 
-0.03030 
0.03583 
-0.24873 0.00580 -0.01733 -0.04231 I -0.05633 
0.00022 
0.00093 
0.00223 
0.00700 
>•els'<; 
I 0.01413' 
0.00630 
-0.03930 
-0.24053 0.03550 I -0.03133 I -0.00010 I -0.02331 1 -0.01021 
-0.14990 0.02833 -0.03893 0.01603 0.02117 0.03453 
os +,--;,;_L_e_n_f-__ o__ i-i _o._0_1_21_1-1-1-·0_._23_7_5_o_t-_-o_._o6_4_8_7-t_-_o_.1_2_4_51-t_o_.0_1_0_97_t-I _o_.0_1_1_01_-t-_-_o_.0_0_3_1_1--cl--c_-o_._0_03_0_1_-t-_o_.0_1_8_6_7-l ~ I I I I 
OS 
I 1 I 0.24897 -0.22807 -0.02363 -0.17747 0.04850 0.01090 I -0.01580 I 0.02737 I 0.00133 
I I I 
2 -0.04007 
-1 0.05217 
4 I -0.05647 
5 0.11103 
..I .1 
Right I 
I 
Left 
;A~cOmm: 
Level G. 
(D) 
0 
3 
I 0.03541 
I 
0,06735 
: 
I 0.05162 
I o.02387 
I 0.02150 
0.01918 
-0.06923 
0.02053 
-0.10067 
-0.04683 
H 
-0.07146 
-0.05212 
-0.11582 
-0.08612 
-0.01970 
-0.13578 
-0.13810 -0.13670 0.02503 -0.02497 I -0.01110 I 0.00823 -0.00623 
-0.24630 -0.29457 -0.00130 0.01913 -0.04233 
-0.12383 -0.15610 -0.05900 0.03137 -0.04610 
-0.07947 -0.09597 -0.17013 0.02847 I -0.00060 
Taylor 
J K 
.c~elllcte11ts 
C 
.M 
-0.03566 -0.00033 ... 0.01919 f -0.0031 o I 0.02115 
0.03231 -0.03845 0.02052 0.00031 0.01030 
0.00043 0.00854 -0.00567 -0.03100 0.02549 
I 
-0.06250 
-0.08617 
-0.03460 
-0.01017 
-0.00284 
0.03613 
0.05630 
0.06833 
.I . 
:; 
f-0.00120 
I 
0.00768 
-0.01135 I 0.00300 
-0.02434 0.03419 0.00404 I -0.00891 o.03540 0.00022 J o.01969 
I I I I 
-0.04592 0.05526 0.00221 I 0.01664 I 0.01330 I -0.00052 I 0.02161 
0.05161 -0.07348 0.02939 -0.00655 I 0.02346 1-----+----t-----!-----+------t-----;--·· .. ·- 0.00218 I 0.05438 
i I 
0.09042 -0.15208 0.10224 -0.06336 0.02262 -0.00757 I 0.02611 -0.00824 I 0.01716 
-0.03230 -0.07723 0.03677 -0.00888 0.00366 I -0.00710 I 0.01570 -0.00398 0.01614 
I I 
-0.01122 -0.10276 0.11192 0.04452 0.00040 -0.01212 0.02247 -0.03019 -0.00917 
-0.03665 -0.09628 0.02526 -0.01824 -0.01967 I -0.00897 ·0.01195 -0.03113 I -0.03535 
I 0.03111 -0.05356 0.07142 -0.00556 -0.05884 i 0.01678 -0.11462 -0.01138 I -0.01308 
A2.16 
50 
SUBJECT:DS 
A2.17 
3 
JT Left 0 0.5 
2 
4 
I 
·0.26143 
2 ·0.02617 
I -o.4852 
I -o.36893 
JT Left I 0.0417 
0.0322 
I 
2 I o.1111a 
I 
0.10767 
4 0.2693 
I 0.02113 
l ·0.10495 
i 
I ·0.02470 
I 
I 2 i -0.01207 
I 
\ ·0.18266 
I -0.12949 
JT Left i I 0.01020 
I 
I 0.00598 
2 i 0.04407 
I 
3 0.04475 
i i 
I 0.09467 
I -0.00471 
4. 4 
4. 4 
4•4 
4. 4 
4. 4 
5. 5 
5. 5 
5. 5 
4. 4 
4. 4 
4. 4 
·0.09327 
·0.09303 
0.0962 
0.03617 
0.01737 
·0.01487 
0.00977 
0.0086 
0.1813 
SUBJECTJT 
.,,l~Jt 
<n1m> 
3.07 
3.23 
3.83 
2.5 
2.73 
4.03 
3.8 
3.43 
2.83 
3.13 
·0.05533 
0.16503 
·0.01813 
·0.0057 
0.0708 
·0.04347 
·0.0487 
0.0011 
0.03503 
·0.0506 
' Puj>ll ' ·. •:. LSA 
'01~;:,,, 
(..;n.} 
4 ·0.10830 
·0.19320 
·0.23850 
·0.47490 
0.00824 0.09075 0.00756 0.00067 
0.00320 0.05660 0.00157 0.00164 
0.03922 I 0.19803 I 0.03617 0.00305 
·0.32530 I 0.02277 I 0.15090 0.02046 0.00231 
0.26090 0.00204 0.04512 0.00103 0.00100 
0.04120 I 0.00311 0.05580 0.00270 0.00042 
0.03380 0.00229 I 0.04789 I 0.00202 0.00027 
·0.30770 I 0.00595 0.07711 0.00493 0.00102 
·0.30640 0.01759 0.13263 0.01657 0.00102 
4 ·0.58490 0.01021 0.10103 0.00767 0.00253 
I .· .•..... , ... ,. 
ZOrnlk• 
·c:ro ., .. • ci12> 
-0.01807 I -0.04197 I .. ·0.0449 0.0117 ·0.02487 
0.1 -0.0322 I -0.04427 ·0.00567 ·0.02053 ·0.03187 
0.02417 -0.03973 1 -0.06637 I 0.00587 0.0392 ·0.07437 
I I 
·0.1929 -0.07917 0.044 I 0.0239 ·0.1127 ·0.03837 
·0.13467 ·0.0542 ·0.0619 i ·0.01177 0.0136 1 ·0.10577 
·0.0543 -0.054 I -0.02973 0.04083 I 0.02657 
-0.13183 0.00687 I -0.049 -0.01337 I 0.02257 ·0.03053 
·0.03623 0.00563 ·0.0324 -0.00333 I 0.03007 0.0241 
i 
·0.16197 ·0.05127 -0.01837 I -0.04357 ·0.03383 0.01443 
I 
·0.14797 ·0.05107 0.04353 ·0.00243 0.00797 ·0.03523 
i 
0,04073 I -0.10107 ·0.214 ·0.0975 I ·0.0145 ·0.052 1 -0.03293 i 0.03807 
·0.05181 
0.00717 
·0.02583 
·0.03627 
·0.03693 
·0.01386 
·0.05500 
·0.00992 
·0.05749 
0.01249 
·0,06498 
·0.07729 
Taylor 
J K 
-0.0293; • -0.01882 I -0.00447 • -0.00420 
I 
I .L 
.. 
0.01618 0.00217 
, .. 
. 
·0.10723 ·0.04284 ·0.02442 ·0.01079 ·0.01646 0.00515 ·0.00228 
-0.00299 -0.03790 -0.02905 -0.01555 -0.04453 I 0.02152 1 0.00413 
i I I 
·0.17981 0.06018 -0.02572 I 0.00235 • -0.01710 0.02153 ·0.04774 
·0.16488 0.03040 -0.03495 I -0.03233 ' -0.04577 0.02055 ·0.00400 
0.03193 0.01330 0.00536 I -0.00821 0.01731 ·0.02150 0.03235 
I 
0.03034 0.01091 ·0.00827 ·0.01433 ·0.00331 0.00093 0.01623 
0.04351 0.00820 ·0.00411 i 0.00437 ·0.00704 ·0.00768 0.01209 
I 
0.02723 0.02348 ·0.02595 ·0.01822 ·0.02578 ·0.02544 ·0.01675 
0.11996 0.08648 ·0.00777 ·0.01003 ·0.04129 0.00758 ·0.02953 
I 
0.04581 0.04202 ·0.04223 ·0.01649 ·0.06076 l ·0.03551 i ·0.03499 
A2.18 
Right Eye Left Eye 
OD 
ID 
2D 
3D 
4D 
SD 
SUBJECT: JT 
A2.19 
SUBJECT ST 
4. 4 3.13 0.11756 0.00402 0.00980 
4. 4 3.1 0.51710 0.01196 0.10936 0,00885 0.00311 
4. 4 2.2 0.81170 0.12053 0.34717 0.11114 0.00939 
4. 4 2.63 0.54690 0.03443 0.18555 0.01097 
4. 4 3.27 -0.13060 0.00926 0.00564 
Left 0.25 5. 5 2.7 0.48490 0.02657 0.00247 
5. 5 2.8 0.02021 0.00068 
0.48450 0.01599 
0.0397 
·0.09117 ·0.04827 
·0.81503 0.23307 0.2335 0.1353 
0.15883 0.15167 0.2861 ·0.22917 0.09117 ·0.03183 0.12003 -0.0308 
0.0911 ·0.0847 ·0.04627 -0.02177 -0.08087 0.0384 -0.05163 
0.19233 ·0.03007 ·0.37937 0.0808 -0.01883 0.00173 -0.00407 
0.08003 -0.1045 -0.36963 0.01983 -0.04743 
-0.04141 0.00044 ·0.01514 
0.03396 0.05809 -0.00848 0.02946 -0.01449 0.02725 0.01278 0.04765 
·0.01299 ·0.12952 -0.33483 
0.09531 -0.02908 ·0.04772 0.08553 
' 
·0.03956 0.01681 0.00280 0.03995 
ST Left 0.00319 ·0.07014 0.01823 0.11956 
·0.02921 -0.10860 0.02303 0.07623 
0.01506 -0.05966 0.02033 0.08379 
A2.20 
OD 
10 
20 
30 
40 
2 
50 
SUBJECT: ST 
A2.21 
SUBJECTDV 
4. 4 2.57 0.03552 0.03278 0.00274 
4. 4 2.6 ·0.74050 0.03319 0.18218 0.02682 0.00637 
DV Left ·4.25 4. 4 3.57 ·0.10150 0.00508 0.07126 0.00333 0.00175 
4•4 3.47 ·0.00170 0.00603 0.07768 0.00504 0.00099 
4. 4 2.97 ·0.19680 0.11784 0.01173 0.00215 
0.01191 
·0.37733 0.02497 0.33737 0.01153 
0.26027 0.17840 0.18040 ·0.27353 ·0.12343 ·0.15643 0.00423 0.05880 0.06850 
0 ·0.04413 ·0.08563 ·0.12653 ·0.01623 
·0.15597 ·0.00780 ·0.10017 0.02783 ·0.00030 ·0.02380 i 0.05193 0.06753 ·0.02033 
2 0.09463 ·0.19147 ·0.21360 0.00407 ·0.03283 ·0,07693 0.07423 0.06417 ·0.04330 
·0.07160 ·0.13763 
·0.09931 0.01369 ·0.26800 
0.12015 ·0.03568 0.02995 
DV Left ·0.03237 ·0.03821 0.03090 ·0.03009 ·0.01994 0.02516 0.01946 
·0.07102 0.00751 ·0.02094 ·0.00641 ·0.02553 0.03105 0.01006 
2 i 0.00880 ·0.07026 0.11560 ·0.07230 ·0.04867 0.04795 0.01095 
·0.01335 ·0.09745 0.09367 ·0.06164 ·0.08176 0.00012 ·0.08386 0.03074 ·0.02796 
A2.22 
Right Eye Left Eye 
OD 
10 
20 
30 
40 
50 
SUBJECT: DV 
A2.23 
References 
REFERENCES 
Adams CW and Johnson CA. Steady-state and dynamic response properties of the 
Mandelbaum effect. Vision Research 1991; 31: 751-760. 
Almeder LM, Peck LB and Howland HC. Prevalence of anisometropia in volunteer 
laboratory and school screening populations. Investigative Ophthalmology and 
Visual Science 1990; 31: 2448-2455. 
Alpern M. Variability of accommodation during steady fixation at various levels of 
illuminance. Journal of the Optical Society of America 1958; 48: 193-197. 
Alpern M, Mason GL and Jardinico RE. Vergence and accommodation V. Pupil size 
changes associated with changes in accommodative vergence. American Journal of 
Ophthalmology 1961; 52: 762-767. 
Applegate RA. Monochromatic wavefront aberrations in myopia. In Ophthalmic 
and Visual Optics, 1991 Technical Digest Series, Volume 1, Optical Society of 
America, Washington, DC, 1991a; pp. 234-237. 
Applegate RA. Acuities through annular and central pupils after radial keratotomy. 
Optometry and Vision Science 1991 b; 68: 584-590. 
Applegate RA and Bonds AB. Induced movements of receptor alignment toward a 
new pupil aperture. Investigative Ophthalmology and Visual Science 1981; 21: 
869-873. 
RI 
References 
Artal P, Marcos S, Navarro R and Williams DR. Odd aberrations and double-pass 
measurements of retinal image quality. Journal of the Optical Society of America 
A 1995; 12: 195-201. 
Artal P, Santamaria J and Besc6s J. Phase-transfer function of the human eye and its 
influence on point-spread function and wave aberration. Journal of the Optical 
Society of America A 1988a; 5: 1791-1795. 
Artal P, Santamaria J and Besc6s J. Retrieval of wave aberration of human eyes from 
actual point spread-function data. Journal of the Optical Society of America A 
1988b; 5: 1201-1206. 
Atchison DA, Collins MJ, Wildsoet CF, Christensen J and Waterworth MD. 
Measurement of monochromatic ocular aberrations of human eyes as a function of 
accommodation by the Howland aberroscope technique. Vision Research 1995; 35: 
313-323. 
Bain WES and Maurice DM. Physiological variations in the intra-ocular pressure. 
Transactions of the Ophthalmological Society of the United Kingdom 1959; 79: 
249-259. 
Ball EA W. A study of consensual accommodation. American Journal of 
Optometry and Archives of American Academy of Optometry 1952; 29: 561-
574. 
Bauer GT. Longitudinal spherical aberration of modem ophthalmic lenses and its 
effects on visual acuity. Applied Optics 1980; 19: 2226-2234. 
R2 
References 
Bedford RE and Wyszecki G. Axial chromatic aberration and the human eye. 
Journal of the Optical Society of America 1957; 47: 564-565. 
Belin MW and Zloty P. Accuracy of the PAR corneal topography system with spatial 
misalignment. Contact Lens Association of Ophthalmologists Journal 1993; 19: 
64-68. 
Belin MW, Cambier JL, Nabors JR and Ratliff CD. PAR corneal topography system 
(PAR CTS): The clinical application of close-range photogrammetry. Optometry 
and Vision Science 1995; 72: 828-837. 
Bennett AG. Aspherical and continuous curve contact lenses. Part 1. Optometry 
Today 1988a; 28: 11-14. 
Bennett AG. Aspherical and continuous curve contact lenses. Part 3. Optometry 
Today 1988b; 28: 238-242. 
Bemston GG, Cacioppo JT and Quigley K S. Respiratory sinus arrhythmia: 
Autonomic origins, physiological mechanisms, and psychophysiological implications. 
Psychophysiology 1993; 30: 183-196. 
Berny F. Etude de la formation des images retiniennes et determination de 
!'aberration de sphericite de l'oeil humain. Vision Research 1969; 9: 977-990. 
Berny F and Slansky S. Wavefront determination resulting from Foucault Test as 
applied to the human eye and visual instruments. In Optical Instruments and 
Techniques 1969. J. Home Dickson (ed), Oriel Press: Newcastle-upon-Tyne, 1970; 
pp. 375-386. 
R3 
References 
Birch DG, Sandberg MA and Berson El. The Stiles-Crawford effect in retinitis 
pigmentosa. Investigative Ophthalmology and Visual Science 1982; 22: 157-164. 
Black G and Linfoot EH. Spherical aberration and the information content of optical 
images. Proceedings of the Royal Society 1957; 239: 522-540. 
Blakemore C and Campbell FW. On the existence of neurones in the human visual 
system selectively sensitive to the orientation and size of retinal images. Journal of 
Physiology 1969; 203: 237-260. 
Bland JM and Altman DG. Statistical methods for assessing agreement between two 
methods of clinical measurement. The Lancet 1986; February 8: 307-310. 
Bobier WR, Campbell MCW and Hinch M. The influence of chromatic aberration 
on the static accommodation response. Vision Research 1992; 32: 823-832. 
Bonds AB and MacLeod DIA. A displaced Stiles-Crawford effect associated with an 
eccentric pupil. Investigative Ophthalmology and Visual Science 1978; 17: 754-
761. 
Bour LJ. MTF of the defocussed optical system of the human eye for incoherent 
monochromatic light. Journal of the Optical Society of America 1980; 70: 321-
328. 
Bour LJ. The influence of spatial distribution of a target on the dynamic response and 
fluctuations of the accommodation of the human eye. Vision Research 1981; 21: 
1287-1296. 
R4 
References 
Brogan SJ, Waring GO, Ibrahim 0, Drews C and Curtis L. Classification of normal 
corneal topography based on computer-assisted videokeratography. Archives of 
Ophthalmology 1990; 108: 945-949. 
Brown N. The changes in shape and internal form of the lens of the eye on 
accommodation. Experimental Eye Research 1973; 15: 441-459. 
Buckingham R and Lowther GE. Power distribution across a back-swface aspheric, 
rigid multifocal lens. International Contact Lens Clinic 1982; 9: 213-217. . 
Burton GJ and Haig ND. Effects of Seidel aberrations on visual target 
discrimination. Journal of the Optical Society of America A 1984; 1: 373-385. 
Campbell FW. The depth of field of the human eye. Optica Acta 1957; 4: 157-164. 
Campbell FW. A retinal acuity direction effect. Journal of Physiology 1958; 144: 
25-26. 
Campbell FW. Correlation of accommodation between the two eyes. Journal of the 
Optical Society of America 1960; 50: 738. 
Campbell FW and Green DG. Optical and retinal factors affecting visual resolution. 
Journal of Physiology 1965; 181: 576-593. 
Campbell FW and Gregory AH. The spatial resolving power of the human retina 
with oblique incidence. Journal of the Optical Society of America 1960; 50: 831. 
Campbell FW and Gubisch RW. Optical quality of the human eye. Journal of 
Physiology 1966; 186: 558-578. 
RS 
References 
Campbell FW and Robson JG. Application of Fourier analysis to the visibility of 
gratings. Journal of Physiology 1968; 197: 551-566. 
Campbell FW, Robson JG and Westheimer G. Fluctuations of accommodation 
under steady viewing. Journal of Physiology 1959; 145: 579-594. 
Campbell FW and Westheimer G. Factors irifluencing accommodation responses of 
the human eye. Journal of the Optical Society of America 1959; 49: 568-571. 
Campbell FW, Westheimer G and Robson JG. Significance of fluctuations of 
accommodation. Journal of the Optical Society of America 1958; 48: 669. 
Campbell MCW. The crystalline lens. In Ophthalmic and Visual Optics, 1991 
Technical Digest Series, Volume 2, Optical Society of America: Washington DC, 
1991; pp. 6-9. 
Campbell MCW, Charman WN, Voisin Land Cui C. Psychophysical measurement 
of the optical quality of varifocal contact lenses. In Ophthalmic and Visual Optics, 
1993 Technical Digest Series, Volume 3, Optical Society of America: Washington 
DC, 1993; pp. 12-15. 
Campbell MCW, Harrison EM and Simonet P. Psychophysical measurement of the 
blur on the retina due to optical aberrations of the eye. Vision Research 1990; 30: 
1587-1602. 
Campbell MCW and Simonet P. Video monitoring of the principal ray of a 
Maxwellian view for the measurement of optical aberrations, the Stiles-Crawford 
effect, retinal resolution, and for investigating color vision. Applied Optics 1990; 
29: 1420-1426. 
R6 
References 
Charman WN. Effect of refractive error in visual tests with sinusoidal gratings. 
British Journal of Physiological Optics 1978; 33: 10-20. 
Charman WN. The accommodative resting point and refractive error. Ophthalmic 
Optician 1982; 2: 469-473. 
Charman WN. Retinal image in the human eye. In N. Osborne and G. Chader (eds) 
Progress in Retinal Reseach Pergamon Press: Oxford, 1983; Vol 2: 1-49. 
Charman WN. Static accommodation and the minimum angle of resolution. 
American Journal of Optometry and Physiological Optics 1986; 63: 915-921. 
Charman WN and Heron G. Spatial frequency and the dynamics of the 
accommodation response. Optica Acta 1979; 26: 217-228. 
Charman WN and Heron G. Fluctuations in accommodation: a review. Ophthalmic 
and Physiological Optics 1988; 8: 153-164. 
Charman WN and Jennings JAM. The optical quality of monochromatic retinal 
image as a function of focus. British Journal of Physiological Optics 1976; 31: 
119-134. 
Charman WN, Jennings JAM and Whitefoot H. The refraction of the eye in relation 
to spherical aberration and pupil size. British Journal of Physiological Optics 
1978; 32: 78-93. 
Charman WN and Tucker J. Dependence of accommodation response on the spatial 
frequency spectrum of the observed object. Vision Research 1977; 17: 129-139. 
R7 
References 
Charman WN and Tucker J. Accommodation and color. Journal of the Optical 
Society of America 1978; 68: 459-471. 
Charman WN and Walsh G. The optical phase transfer function of the eye and the 
perception of spatial phase. Vision Research 1985; 25: 619-623. 
Charman WN and Walsh G. Properties of conicoidal surfaces and the Bausch and 
Lomb PAI softlens bifocal. Optometry Today 1986; 26: 573- 579. 
Charman WN and Walsh G. Variations in local refractive correction of the eye 
across its entrance pupil. Optometry and Vision Science 1989; 66: 34-40. 
Charman WN and Whitefoot H. Pupil diameter and the depth-of-field of the human 
eye as measured by laser speckle. Optica Acta 1977; 24: 1211-1216. 
Charman WN and Whitefoot H. Astigmatism, accommodation, and visual 
instrumentation. Applied Optics 1978; 17: 3903-3910. 
Ciuffreda KJ, Dul Mand Fisher SK. Higher-order spatial frequency contribution to 
accommodative accuracy in normal and amblyopic observers. Clinical Vision 
Sciences 1987; 1: 219-229. 
Ciuffreda KJ and Hokoda SC. Effect of instruction and higher level control on the 
accommodative response spatial frequency profile. Ophthalmic and Physiological 
Optics 1985; 5: 221-223. 
Ciuffreda KJ, Hokoda SC, Hung GK and Semmlow JL. Accommodative 
stimulus/response function in human amblyopia. Documenta Ophthalmologica 
1984; 56: 303-326. 
R8 
References 
Ciuffreda KJ, McBrien NA and Fisher SK. Accommodation with and without foveal 
contribution. Optometry and Vision Science (Supplement) 1989; 66: 108. 
Collins G. The electronic refractionometer. British Journal of Physiological Optics 
1937; 1: 30-44. 
Collins MJ, Brown B, Atchison DA and Newman SD. Tolerance to spherical 
aberration induced by rigid contact lenses. Ophthalmic and Physiological Optics 
1992; 12: 24-28. 
Collins MJ, Davis B, Wood J. Microfluctuations of steady-state accommodation and 
the cardiopulmonary system. Vision Research 1995b; 35: 2491-2502. 
Collins MJ, Goode A, Davis B and Tait A. A computer-inteifaced vertometer system 
for contact lenses. Optometry and Vision Science 1996 (submitted). 
Collins MJ, Wildsoet CF, Atchison DA. Monochromatic aberrations and myopia. 
Vision Research 1995a; 35: 1157-1163. 
Cooley JW and Tukey JW. An algorithm for the machine calculation of complex 
fourier series. Mathematics of Computations 1965; 19: 297-301. 
Cox I and Holden BA. Soft contact lens-induced longitudinal spherical aberration 
and its effects on contrast sensitivity. Optometry and Vision Science 1990; 67: 679-
683. 
Cui C, Campbell MCW, Voisin Land Charman WN. Reducing aberrations at the 
fovea by defocus. In Ophthalmic and Visual Optics, 1993 Technical Digest Series, 
Volume 3, Optical Society of America: Washington DC, 1993; pp. 164-167. 
R9 
References 
Davis B, Collins Mand Atchison D. Calibration of the Canon Autoref R-1 for 
continuous measurement of accommodation. Ophthalmic and Physiological Optics 
1993; 13: 191-198. 
Denieul P. Effects of stimulus vergence on mean accommodation response, 
microjluctuations of accommodation and optical quality of the human eye. Vision 
Research 1982; 22: 561-569. 
Dul M, Ciuffreda KJ and Fisher SK. Accommodative accuracy to hannonically 
related complex patterns and their components. Ophthalmic and Physiological 
Optics 1988; 8: 146-152. 
Dunne MCM and Barnes DA. Modelling oblique astigmatism in eyes with known 
peripheral refraction and optical dimensions. Ophthalmic and Physiological 
Optics 1990; 10: 46-48. 
Dunne MCM, Misson GP, White EK and Barnes DA. Peripheral astigmatic 
asymmetry and angle alpha. Ophthalmic and Physiological Optics 1993; 13: 303-
305. 
El Hage SG and Berny F. Contribution of the crystalline lens to the spherical 
aberration of the eye. Journal of the Optical Society of America 1973; 63: 205-
211. 
Enoch JM. Retinal receptor orientation and the role of fibre optics in vision. 
American Journal of Optometry and Archives of American Academy of 
Optometry 1972; 49: 455-471. 
RIO 
References 
Enoch JM and Birch DG. Evidence for alteration in photoreceptor orientation. 
Ophthalmology 1980; 87: 821-834. 
Enoch JM, van Loo(Jr) JA and Okun E. Realignment of photoreceptor disturbed in 
orientation secondary to retinal detachment. Investigative Ophthalmology 1973; 
12: 849-853. 
Fairmaid JA. The constancy of corneal curvature: an examination of corneal 
response to changes in accommodation and convergence. British Journal of 
Physiological Optics 1959; 16: 2-23. 
Fender DH. Control mechanisms of the eye. Scientific American 1964; 211: 24-33. 
Ferree CE, Rand G and Hardy C. Refraction for the peripheral field of vision. 
Archives of Ophthalmology 1931 ; 5: 717-731. 
Fincham EF. The mechanism of accommodation. British Journal of 
Ophthalmology, Monograph Supplement VIII, 1937. 
Fincham EF. The accommodation reflex and its stimulus. British Journal of 
Ophthalmology 1951; 35: 381-393. 
Fledelius HC. Myopia of prematurity-changes during adolescence-a 
longitudinal study including ultrasound oculometry. Documenta 
Ophthalmologica Proceedings 1981; 29: 217-223. 
Fledelius HC. Prevalence of astigmatism and anisometropia in adult Danes. Acta 
Ophthalmologica 1984; 62: 391-400. 
Rll 
References 
Fraunfelder FT and Scafadi AF. Possible adverse effects from topical ocular 10% 
phenylephrine. American Journal of Ophthalmology 1978; 85: 447-453. 
Freeman MH. Optics. 10th Ed., Butterworths: London, 1990; pp. 232-233. 
Garner LF, Brown B, Carter Rand Colgan C. The effect of phenylephrine 
hydrochloride on the resting point of accommodation. Investigative 
Ophthalmology and Visual Science 1983; 24: 393-395. 
Giles MK. Aberration tolerances for visual optical systems. Journal of the Optical 
Society of America 1977; 67: 634-643. 
Gimpel G, Doughty MJ and Lyle WM. wrge sample study of the effects of 
phenylephrine 2.5% eyedrops on the amplitude of accommodation in man. 
Ophthalmic and Physiological Optics 1994; 14: 123-128. 
Goodbody AM. The influence of spherical aberration on the response function of an 
optical system. Proceedings of the Physical Society of London 1958; 72: 411-424. 
Goss DA. Refractive status and premature birth. Optometric Monthly 1985; 76: 
109-111. 
Gray LS and Winn B. Reflex and volitional control of ocular accommodation. 
Investigative Ophthalmology and Visual Science 1994; 35: 1736. 
Gray LS, Winn Band Gilmartin B. Accommodative microfluctuations and pupil 
diameter. Vision Research 1993a; 33: 2083-2090. 
R12 
References 
Gray LS, Winn Band Gilmartin B. Effect of target luminance on microfluctuations of 
accommodation. Ophthalmic and Physiological Optics 1993b; 13: 258-265. 
Green DG and Campbell FW. Effect of focus on the visual response to a sinusoidally 
modulated spatial stimulus. Journal of the Optical Society of America 1965; 55: 
1154-1157. 
Green DG, Powers MK and Banks MS. Depth of focus, eye size and visual acuity. 
Vision Research 1980; 20: 827-835. 
Gubish RW. Optical performance of the human eye. Journal of the Optical Society 
of America 1967; 57: 407-415. 
Guillon M, Lydon DPM and Wilson C. Corneal topography. Ophthalmic and 
Physiological Optics 1986; 6: 47-56. 
Gwiazda J, Thorn F, Bauer J and Held R. Myopic children show insufficient 
accommodation response to blur. Investigative Ophthalmology and Visual 
Science 1993; 34: 690-694. 
Haig ND and Burton GJ. Effects of wavefront aberration on visual instrument 
perfonnance, and a consequential test technique. Applied Optics 1987; 26: 492-
500. 
Heath GG. The influence of visual acuity on accommodative responses of the eye. 
American Journal of Optometry and Archives of American Academy of 
Optometry 1956; 33: 513-524. 
R13 
References 
Heath P and Geite CW. Use of phenylephrine hydrochloride (neo-synerphrine 
hydrochloride) in ophthalmology. Archives of Ophthalmology 1949; 41: 172-177. 
Hemenger RP, Tomlinson A and Caroline P. Role of spherical aberration in contrast 
sensitivity loss with radial keratotomy. Investigative Ophthalmology and Visual 
Science 1989; 30: 1997-2001. 
Hennessy RT, Ida T, Shiina Kand Leibowitz HW. The effect of pupil size on 
accommodation. Vision Research 1976; 16: 587-589. 
Hennessy RT and Leibowitz HW. The effect of a peripheral stimulus on 
accommodation. Perception and Psychophysics 1971; 10: 129-132. 
Heron G and Winn B. Binocular accommodation reaction and response times for 
normal observers. Ophthalmic and Physiological Optics 1989; 9: 176-183. 
Heron G, Smith AC and Winn B. The influence of method on the stability of dark 
focus position of accommodation. Ophthalmic and Physiological Optics 1981 ; 1: 
79-90. 
Hess RF and Howell ER. The threshold contrast sensitivity function in strabismic 
amblyopia: Evidence for a two type classification. Vision Research 1977; 17: 1049-
1055. 
Holly FJ and Lemp MA. Tear physiology and dry eyes. Survey of Ophthalmology 
1977; 22: 69-87. 
Howcroft MJ and Parker JA. Aspheric curvatures for the human lens. Vision 
Research 1977; 17: 1217-1223. 
R14 
References 
Howland B. Use of cross cylinder lens in photographic lens evaluation. Applied 
Optics 1968; 7: 1587-1599. 
Howland B and Howland HC. Subjective measurement of high-order aberrations of 
the eye. Science 1976; 193: 580-582. 
Howland HC and Buettner J. Computing high order wave aberration coefficients 
from variations of best focus for small artificial pupils. Vision Research 1989; 29: 
979-983. 
Howland HC, Buettner J and Applegate RA. Computation of the shapes of normal 
corneas and their monochromatic aberrations from videokeratometric 
measurements. In Vision Science and Its Applications, 1994 Technical Digest 
Series, Volume 2, Optical Society of America: Washington DC, 1994; pp. 54-57. 
Howland HC and Howland B. A subjective method for the measurement of 
monochromatic aberrations of the eye. Journal of the Optical Society of America 
1977;67: 1508-1518. 
Hoyt CS, Stone RD, Framer C and Billson FA. Monocular axial myopia associated 
with neonatal eyelid closure in human infants. American Journal of 
Ophthalmology 1981; 91: 197-200. 
Ittelson WH and Ames A(Jr.). Accommodation, convergence, and their relation to 
apparent distance. Journal of Psychology 1950; 30: 43-62. 
Ivanoff A. About the spherical aberration of the eye. Journal of the Optical Society 
of America 1956; 46: 901-903. 
R15 
References 
Jackson E. Symmetrical aberration of the eye. American Ophthalmological Society 
Transactions 1888; 5: 141-150. 
Jenkins TCA. Aberrations of the eye and their effects on vision: Part 1. British 
Journal of Physiological Optics 1963; 20: 59-91. 
Jennings JAM and Charman WN. Off-axis image quality in the human eye. Vision 
Research 1981; 21: 445-455. 
Jiang B, Morse SE and White JM. Relation between fluctuations of accommodation 
and convergence in darkness. Optometry and Vision Science (Supplement) 1991; 
68: 196. 
Johnson CA. Effects of luminance and stimulus distance on accommodation and 
visual resolution. Journal of the Optical Society of America 1976; 66: 138-142. 
Johnson CA, Post RB and Tsuetaki TK. Short-term variability of the resting focus of 
accommodation. Ophthalmic and Physiological Optics 1984; 4: 319-325. 
Keating MP. Geometric, physical and visual optics. Butterworths: Boston, 1988; p. 
435,437. 
Kent PR. Convergence accommodation. American Journal of Optometry and 
Archives of American Academy of Optometry 1958; 35: 393-406. 
Kersten D and Legge GE. Convergence accommodation. Journal of the Optical 
Society of America 1983; 73: 332-338. 
R16 
References 
Kiely Poropat PM. Corneal geometry stability, variation and optical significance. 
PhD Thesis, Department of Optometry, Univeristy of Melbourne, 1982. 
Kiely PM, Smith G and Carney LG. The mean shape of the human cornea. Optica 
Acta 1982; 29: 1027-1040. 
Knoll HA. Pupillary changes associated with accommodation and convergence. 
American Journal of Optometry and Archives of American Academy of 
Optometry 1949; 26: 346-357. 
Koomen M, Tousey R and Scolnik R. The spherical aberration of the eye. Journal 
of the Optical Society of America 1949; 39: 370-376. 
Kothe AC, Lovasik JV and Campbell MCW. Variation of dark focus of 
accommodation with laser speckle exposure duration. Ophthalmic and 
Physiological Optics 1987; 7: 143-148. 
Kotulak JC and Schor CM. Temporal variation in accommodation during steady-
state conditions. Journal of the Optical Society of America A 1986a; 3: 223-227. 
Kotulak JC and Schor CM. A computational model of the error detector of human 
visual accommodation. Biological Cybernetics 1986c; 54: 189-194. 
Krauskopf J. Light distribution in human retinal images. Journal of the Optical 
Society of America 1962; 52: 1046-1050. 
Kruger PB and Pola J. Changing target size is a stimulus for accommodation. 
Journal of the Optical Society of America A 1985; 2: 1832-1835. 
R17 
References 
Kruger PB and Pola J. Stimuli for accommodation: blur, chromatic aberration and 
size. Vision Research 1986; 6: 957-971. 
Kruger PB, Matthews S, Aggarwala KR and Sanchez N. Chromatic aberration and 
ocular focus: Fincham revisited. Vision Research 1993; 33: 1397-1411. 
Legge GE, Mullen KT, Woo GC and Campbell FW. Tolerance to visual defocus. 
Journal of the Optical Society of America A 1987; 4: 851-863. 
Leibowitz HW and Owens DA. Night myopia and the intermediate dark focus of 
accommodation. Journal of the Optical Society of America 1975; 65: 1121-1128. 
Leibowitz HW and Owens DA. New evidence for the intermediate position of relaxed 
accommodation. Documenta Ophthalmologica 1978; 46: 133-147. 
Liang J, Grimm B, Goelz Sand Bille JF. Objective measurement of wave aberrations 
of the human eye with the use of a Hartmann-Shack wave-front sensor. Journal of 
the Optical Society of America A 1994; 11: 1949-1957. 
Lopping B and Weale RA. Changes in corneal curvature following ocular 
convergence. Vision Research 1965; 5: 207-215. 
Lotmar W. Theoretical eye model with aspherics. Journal of the Optical Society of 
America 1971; 61: 1522-1529. 
Lotmar Wand Lotmar T. Peripheral astigmatism in the human eye: Experimental 
data and theoretical model prediction. Journal of the Optical Society of America 
1974; 64: 510-513. 
R18 
References 
Lu C, Munger Rand Campbell MCW. Monochromatic aberrations in 
accommodated eyes. In Ophthalmic and Visual Optics, 1993 Technical Digest 
Series, Volume 3, Optical Society of America: Washington DC, 1993; pp. 160-163. 
Malmstrom FV, Randle RJ, Bendix JS and Weber RJ. The visual accommodation 
response during concurrent mental activity. Perception and Psychophysics 1980; 
28: 440-448. 
Mandell RB and St Helen R. Stability of the corneal contour. American Journal of 
Optometry and Archives of American Academy of Optometry 1968; 45: 797-
806. 
Matsumura I, Maruyama S, Ishikawa Y, Hirano R, Kobayashi K and Kohayakawa 
Y. The design of an open view autorefractometer. In: Breinin GM and Siegel IM 
(eds) Advances in Diagnostic Visual Optics. Springer, Springer Series in Optical 
Sciences: Berlin, 1983; pp. 36-42 1983. 
McBrien NA and Millodot M. The effect of refractive error on the accommodative 
response gradient. Ophthalmic and Physiological Optics 1986; 6: 145-149. 
McLin LN, Schor CM and Kruger PB. Changing size (looming) as a stimulus to 
accommodation and vergence. Vision Research 1988; 8; 883-898. 
Meier AM and Lowther GE. Measured power distribution across the Bausch and 
Lomb Softens (PAI) bifocal. Bausch and Lomb Contact Lens Review 1984; 
March: 17-19. 
Metcalf H. Stiles-Crawford apodization. Journal of the Optical Society of America 
1965; 55: 72-74. 
R19 
References 
Miege C and Denieul P. Mean response and oscillations of accommodation for 
various stimulus vergences in relation to accommodation feedback control. 
Ophthalmic and Physiological Optics 1988; 8: 165-171. 
Millodot M. Effect of ametropia on peripheral refraction. American Journal of 
Optometry and Physiological Optics 1981; 58: 691-695. 
Millodot M. Peripheral refraction in aphakic eyes. American Journal of 
Optometry and Physiological Optics 1984; 61: 586-589. 
Millodot M. Dictionary of optometry. 2nd Ed., Butterworths: London, 1990; p. 18. 
Millodot Mand Lamont A. Refraction of the periphery of the eye. Journal of the 
Optical Society of America 1974; 64: 110-111. 
Millodot Mand Sivak J. Contribution of the cornea and lens to the spherical 
aberration of the eye. Vision Research 1979; 19: 685-687. 
Mordi JA, Lyle WM and Mousa GY. The effect ofphenylephrine on accommodation. 
American Journal of Optometry and Physiological Optics 1986a; 63: 294-297. 
Mordi J, Tucker J and Charman WN. Effects of0.1% cyclopentolate or 10% 
phenylephrine on pupil diameter and accommodation. Ophthalmic and 
Physiological Optics 1986b; 6: 221-227. 
Morgan MW. Accommodation and its relationship to convergence. American 
Journal of Optometry and Archives of American Academy of Optometry 1944; 
21: 183-195. 
R20 
References 
Mouroulis P and Zhang H. Visual instrument image quality metrics and the effects of 
coma and astigmatism. Journal of the Optical Society of America A 1992; 9: 34-
42. 
Nathan J, Kiely PM, Crewther SG and Crewther DP. Disease-associated 
visual image degradation and spherical refractive errors in children. 
American Journal of Optometry and Physiological Optics 1985; 62: 
680-688. 
Navarro R, Artal P and Williams DR. Modulation transfer function of the human eye 
as a function of retinal eccentricity. Journal of the Optical Society of America A 
1993; 10: 201-212. 
O'Leary DJ and Millodot M. Eyelid closure causes myopia in humans. 
Experientia 1979; 35: 1478-1479. 
Owens DA. A comparison of accommodative responsiveness and contrast sensitivity 
for sinusoidal gratings. Vision Research 1980; 20: 159-167. 
Owens DA. The resting state of the eyes. American Scientist 1984; 72: 378-387. 
Owens H, Bhat Kand Jacobs RJ. Maxwellian and real pupils: effects on 
accommodative microfluctuations. Investigative Ophthalmology and Visual 
Science Supplement 1994; 35: 1280. 
Owens H, Winn B, Gilmartin B and Pugh JR. Effect of a topical beta-adrenergic 
receptor antagonist on the dynamics of steady-state accommodation. Ophthalmic 
and Physiological Optics 1991; 11: 99-104. 
R21 
Pande M and Hillman JS. Optical zone centration in keratorefactive surgery. 
Ophthalmology 1993; 100: 1230-1237. 
Parker JA. Aspheric optics of the human lens. Canadian Journal of 
Ophthalmology 1972; 7: 168-175. 
Pi HT. The total peripheral aberration of the eye. Transactions of the 
Ophthalmological Society of the United Kingdom 1925; 45: 393-399. 
Pierscionek B and Chan DYC. Refractive index gradient of human lenses. 
Optometry and Vision Science 1989; 66: 822-829. 
References 
Pierscionek BK, Chan DYC, Ennis JPE, Smith G and Augusteyn RC. 
Nondestructive method of constructing three dimensional gradient index models for 
crystalline lenses: I. Theory and experiment. American Journal of Optometry and 
Physiological Optics 1988; 65: 481-491. 
Plakitsi A and Charman WN. On the reliability ofthefocimeter measurements of 
simultaneous-vision varifocal contact lenses. Journal of the British Contact Lens 
Association 1992; 15: 115-124. 
Pugh JR and Winn B. Modification of the Canon Auto Ref R-1 for use as a 
continuously recording infra-red optometer. Ophthalmic and Physiological Optics 
1988; 8: 460-464. 
Pugh JR and Winn B. A procedural guide to the modification of the Canon AutoRef 
R-1 for use as a continuously recording optometer. Ophthalmic and Physiological 
Optics 1989; 9: 451-454. 
R22 
References 
Rabin J, van Sluyters RC and Malach R. Emmetropization: a vision 
dependent phenomenon. Investigative Ophthalmology and Vision Science 
1981; 20: 561-564. 
Ramsdale C and Charman WN. A longitudinal study of the changes in the static 
accommodation response. Ophthalmic and Physiological Optics 1989; 9: 255-
263. 
Raschke F and Hildebrandt G. Coupling of the cardiorespiratory control system by 
modulation and triggering. In T. Kenner, R. Busse and H. Hinghofer-Szalkay (eds) 
Cardiovascular system dynamics. Plenum Press: New York, 1982; pp. 533-542. 
Raviola E and Wiesel TN. An animal model of myopia. New England Journal of 
Medicine 1985; 312: 1609-1615. 
Raymond JE, Lindblad IM and Leibowitz HW. The effect of contrast on sustained 
detection. Vision Research 1984; 24: 183-188. 
Rempt F, Hoogerheide J and Hoogenboom WPH. Peripheral retinoscopy and 
skiagram. Ophthalmologica 1971; 162: 1-10. 
Robb RM. Refractive errors associated with hemangiomas of the eye-lids and orbit 
in infancy. American Journal of Ophthalmology 1977; 83: 52-58. 
Roberts C. The accuracy of 'power' maps to display curvature data in corneal 
topography systems. Investigative Ophthalmology and Visual Science 1994; 35: 
3525-3532. 
R23 
References 
Robinson F, Petrig BL, Sinclair SH, Riva CE and Grunwald JE. Does topical 
phenylephrine, tropicamide, or proparacaine affect macular blood flow? 
Ophthalmology 1985; 92: 1130-1132. 
Rosenfield M, Gilmartin B, Cunningham E and Dattani N. The influence of alpha-
adrenergic agents on tonic accommodation. Current Eye Research 1990; 9: 267-
272. 
Rosenfield M, Ciuffreda KJ, Hung GK and Gilmartin B. Tonic accommodation: a 
review 1. Basic aspects. Ophthalmic and Physiological Optics 1993; 13: 266-284. 
Rowsey JJ, Balyeat HD, Monlux R, Holladay J, Waring GO, Lynn MJ. Prospective 
evaluation of radial keratotomy. Ophthalmology 1988; 95: 322-333. 
Santamaria J, Artal P and Besc6s J. Determination of the point-spread function of the 
human eyes using a hybrid optical-digital method. Journal of the Optical Society of 
AmericaA 1987; 4: 1109-1114. 
Schober H, Munker H and Zolleis F. Die Aberration des menschlichen Auges und 
ihre Messung. Optica Acta 1968; 15: 47-57. 
Schor CM, Alexander J, Cormack Land Stevenson S. Negative feedback control 
model of proximal convergence and accommodation. Ophthalmic and 
Physiological Optics 1992; 12: 307-318. 
Simonet P and Campbell MCW. The optical transverse chromatic aberration on the 
fovea of the human eye. Vision Research 1990; 30: 187-206. 
R24 
References 
Sivak JG and Kreuzer RO. Spherical aberration of the crystalline lens. Vision 
Research 1983; 23: 59-70. 
Smirnov MS. Measurement of the wave aberration of the human eye. Biophysics 
1961; 61: 776-795. 
Smith G. Ocular defocus, spurious resolution and contrast reversal. Ophthalmic 
and Physiological Optics 1982; 2: 5-23. 
Smith G. The accommodative resting states, instrument accommodation and their 
measurement. Optica Acta 1983; 30: 347-359. 
Smith G and Atchison DA. Aspheric suifaces and lenses in ophthalmic optics. 
Australian Journal of Optometry 1985; 68: 125-132. 
Smith G, Millodot M and McBrien N. The effect of accommodation on oblique 
astigmatism and field curvature of the human eye. Clinical and Experimental 
Optometry 1988; 71: 119-125. 
Smith G, Pierscionek BK and Atchison DA. The optical modelling of the human 
lens. Ophthalmic and Physiological Optics 1991; 11: 359-369. 
Smithline LM. Accommodation response to blur. Journal of the Optical Society of 
America 1974; 64: 1512-1516. 
Standards Australia. Laser Safety. AS 2211. Standards Association of Australia 
Sydney, 1991. 
R25 
References 
Stark L and Takahashi Y. Absence of an odd-error signal mechanism in human 
accommodation. IEEE Transactions on Bio-medical Engineering 1965; BME-12: 
138-146. 
Stark LR and Atchison DA. Subject instructions and methods of target presentation 
in accommodation research. Investigative Ophthalmology and Visual Science 
1994; 35: 528-537. 
Stiles WS and Crawford BH. The luminous efficiency of rays entering the eye pupil at 
different points. Proceedings of the Royal Society B 1933; 112: 428-450. 
Stine GH. Variations in refraction of the visual and extra-visual pupillary zanes. 
American Journal of Ophthalmology 1930; 13: 101-112. 
Stoddard KB and Morgan MW. Monocular accommodation. American Journal of 
Optometry and Archives of American Academy of Optometry 1942; 19: 460-
465. 
Stone D, Matthews Sand Kruger PB. Accommodation and chromatic aberration: 
effect of spatial frequency. Ophthalmic and Physiological Optics 1993; 13: 244-
252. 
Strang NC, Winn B, Gilmartin Band Brosnahan D. Assessment of the ocular 
response to topical beta antagonists using accommodative microfluctuations. 
Ophthalmic and Physiological Optics 1994; 14: 293-297. 
Switkes E, Bradley A and Schor C. Readily visible changes in color contrast are 
insufficient to stimulate accommodation. Vision Research 1990; 30: 1367-1376. 
R26 
References 
Tan RKT and O'Leary DJ. Accommodation characteristics before and after near 
work. Clinical and Experimental Optometry 1988; 71: 165-169. 
Thibos LN, Bradley A, Still DL, Zhang X and Howarth PA. Theory and 
measurement of ocular chromatic aberration. Vision Research 1990; 30: 33-49. 
Thibos LN, Bradley A and Zhang X. Effect of ocular chromatic aberration on 
monocular visual peifonnance. Optometry and Vision Science 1991; 68: 599-607. 
Toates FM. A model of accommodation. Vision Research 1970; 10: 1069-1076. 
Toates FM. Accommodation of the human eye. Physiological Reviews 1972; 52: 
828-863. 
Troelstra A, Zuber BL, Miller D and Stark L. Accommodative tracking: a trial-and-
error function. Vision Research 1964; 4: 585-594. 
Trolio D and Wallman J. The regulation of eye growth and refractive state: 
an experimental study of emmetropization. Vision Research 1991; 31: 1237-
1250. 
Tucker J and Charman WN. The depth-of-focus of the human eye for Snellen letters. 
American Journal of Optometry and Physiological Optics 1975; 52: 3-21. 
Tucker J and Charman WN. Effect of target content at higher spatial frequencies on 
the accuracy of the accommodation response. Ophthalmic and Physiological 
Optics 1987; 7: 137-142. 
R27 
References 
Tucker J, Charman WN and Ward PA. Modulation dependence of the 
accommodation response to sinusoidal gratings. Vision Research 1986; 26: 1693-
1707. 
van den Brink G. Measurements of the geometrical aberrations of the eye. Vision 
Research 1962; 2: 233-244. 
van Heel ACS. Correcting the spherical and chromatic aberration of the eye. 
Journal of the Optical Society of America 1946; 36: 237-239. 
van Meeteren A. Calculations on the optical modulation transfer function of the 
human eye for white light. Optica Acta 1974; 21: 395-412. 
van Meeteren A and Dunnewold CJW. Image quality of the human eye for eccentric 
entrance pupil. Vision Research 1983; 23: 573-579. 
von Bahr G. Investigations into the spherical and chromatic aberrations of the eye, 
and their influence on its refraction. Acta Ophthalmologica 1945; 23: 1-47. 
Wald G and Griffin DR. The changes in refractive power of the human eye in dim 
and bright light. Journal of the Optical Society of America 1947; 37: 321-336. 
Wallman J, Gottlieb MD, Rajarman V and Fugate-Wentzek LA. Local 
retinal regions control local eye growth and myopia. Science 1987; 237: 73-
77. 
Walsh G. The effect ofmydriasis on the pupillary centration of the human eye. 
Ophthalmic and Physiological Optics 1988; 8: 178-182. 
R28 
References 
Walsh G and Charrnan WN. Measurement of the axial wavefront aberration of the 
human eye. Ophthalmic and Physiological Optics 1985; 5: 23-31. 
Walsh G and Charman WN. The effect of pupil centration and diameter on ocular 
peiformance. Vision Research 1988; 28: 659-665. 
Walsh G and Charman WN. Variation in ocular modulation and phase transfer 
functions with grating orientation. Ophthalmic and Physiological Optics 1992; 12: 
365-369. 
Walsh G, Charman WN and Howland HC. Objective technique for the determination 
of monochromatic aberrations of the human eye. Journal of the Optical Society of 
America A 1984; 1: 987-992. 
Walsh G and Cox MJ. A new computerised video-aberroscopefor the determination 
of the aberration of the human eye. Ophthalmic and Physiological Optics 1995; 
15: 403-408. 
Ward PA. A review of some factors affecting accommodation. Clinical and 
Experimental Optometry 1987; 70: 23-32. 
Ward PA and Charman WN. Effect of pupil size on steady state accommodation. 
Vision Research 1985; 25: 1317-1326. 
Wamicki JW, Rehkopf PG, Curtin DY, Bums SA, Arffa RC and Stuart JC. Corneal 
topography using computer analyzed rasterstereographic images. Applied Optics 
1988; 27: 1135-1140. 
R29 
References 
Westheimer G. Accommodation measurements in empty visual fields. Journal of the 
Optical Society of America 1957; 47: 714-718. 
Westheimer G and Campbell FW. Light distribution in the image formed by the 
living human eye. Journal of the Optica Society of America 1962; 52: 1040-1045. 
Wildsoet CF and Pettigrew JD. Experimental myopia and anomalous eye 
growth patterns unaffected by optic nerve section in chickens: evidence for 
local control of eye growth. Clinical Vision Science 1988; 3: 99-107. 
Williams DR, Brainard D, McMahon M and Navarro R. Comparison of noninvasive 
measures of the optical quality of the eye. In Ophthalmic and Visual Optics, 1994 
Technical Digest Series, Volume 2, Optical Society of America: Washington DC, 
1994; pp. 68-71. 
Wilson MA, Campbell MCW and Simonet P. Change of pupil centration with 
change of illumination and pupil size. In Ophthalmic and Visual Optics, 1992 
Technical Digest Series, Volume 2, Optical Society of America: Washington DC, 
1992; pp. 20-23. 
Winn Band Gilmartin B. Current perspective on microfluctuations of 
accommodation. Ophthalmic and Physiological Optics 1992; 12; 252-256. 
Winn B, Gilmartin B, Mortimer LC and Edwards NR. The effect of mental effort on 
open- and closed-loop accommodation. Ophthalmic and Physiological Optics 
1991; 11: 335-339. 
R30 
References 
Winn B, Heron G, Pugh RJ and Eadie AS. Binocular accommodation dynamics for 
normal and amblyopic observers. Investigative Ophthalmology and Visual 
Science (Supplement) 1986; 27: 80. 
Winn B, Pugh JR, Gilmartin B and Owens H. The effect of pupil size on static and 
dynamic measurements of accommodation using an infra-red optometer. 
Ophthalmic and Physiological Optics 1989; 9: 277-283. 
Winn B, Pugh JR, Gilmartin Band Owens H. Arterial pulse modulates steady-state 
ocular accommodation. Current Eye Research 1990; 9: 971-97 5. 
Wolfe J and Owens DA. Is accommodation color blind? Focusing chromatic 
contours. Perception 1981; 10: 53-62. 
Working Group on Myopia Prevalence and Progression, Committee on 
Vision, Commisssion on Behavioural and Social Sciences and Education, 
National Research Council. Myopia: Prevalence and progression. 
Washington, DC: National Academy Press, 1989. 
Yap M, Wu M, Wang SH, Lee FL and Liu ZM. Environmental factors and 
refractive error in Chinese schoolchildren. Clinical and Experimental Optometry 
1994; 77: 8-14. 
Zetterstrom C. The effect of phenylephrine on the accommodative process in man. 
Acta Ophthalmologica 1984; 62: 872-878. 
R31 
